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FOREWORD 


It has been our privilege to serve as technical program chairmen for the Analytical Sciences sym- 
posia presented at the XII International Congress for Electron Microscopy held in Seattle, Washington, 
on 12-18 August 1990. This was the first time that the analytical sciences had been explicitly included 
as part of an ICEM, and indicates the growing importance and interest in microanalysis in many forms 
to both materials and biological studies. Papers presented in the various Analytical Sciences sessions 
are published in this volume. The nature of the meeting has resulted in higher visibility for the Micro- 
beam Analysis Society in the international microscopy community, which is reflected in the larger than 
normal proportion of papers from overseas contributors. We extend our sincere appreciation to our col- 
leagues who organized and chaired the various sessions. 


The technical sessions presented this year were divided into Physical and Biological areas of 
interest. Four sessions related directly to biological microanalysis, and one dealt with radiation effects 
of electron beams. An attempt was made to encourage presentations that related some of the advances 
in research topics to clinical applications. Thus, the authors were encouraged to place considerable 
emphasis on the biological/medical relevance and not solely on the development of new techniques. 
Owing to the somewhat controversial state of the field at this juncture, we have included most of the 
presentations that were submitted in the hope that further interest will be generated. The physical sci- 
ence sessions included many of the standard MAS sessions, with the addition of a session on Electron 
Crystallography. The Presidential Symposium (ably organized by Al ‘Taz’ Romig) brought together 
many outstanding scientists to discuss fundamental parameters of x-ray microanalysis. This meeting 
would not have been the great success it was without the many contributors to the various Analytical 
Sciences sessions. 


The XII ICEM was organized under the auspices of the International Federation of Societies for 
Electron Microscopy by the Electron Microscopy Society of America in association with the Micro- 
beam Analysis Society. The efforts of the officers of these societies and of the Organizing and Program 
Committees are gratefully acknowledged. 


Finally, we hope that those who participated in the X11 ICEM found the meeting enlightening, and 
that those who could not attend will find this volume to be a useful source of information. 


Joseph R. Michael 


Peter Ingram 
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Presidential Symposium: Fundamental Parameters of X-ray Microanalysis 


FUNDAMENTAL PARAMETERS OF X-RAY MICROANALYSIS: AN INTRODUCTION 


Peter Duncumb 


It is indeed fortunate that nature has provided 
us with such well-defined physical laws govern- 
ing the generation of x rays and their interac- 
tion with matter. This benefit has given elec- 
tron microprobe analysis two major advantages 
over many other techniques of analysis: it can 
be applied to almost all elements in the period- 
ic table and it can be applied quantitatively. 
Nevertheless, we are continually striving for 
better and better quantitation over a wider 
range of conditions, and there is a correspond- 
ing pressure to improve our knowledge of the 
physics. The purpose of this paper is to iden- 
tify the fundamental parameters by which these 
physical laws are expressed, and to explore 
their relative importance in determining the 
accuracy of which the technique is capable. 


Baste Phystes 


What then are the physical processes taking 
place in microprobe analysis? Electrons fo- 
cused on the sample are slowed down and scat- 
tered as they penetrate beneath the surface, 
some re-emerging from the surface as backscat- 
tered electrons (Fig. 1}. Characteristic x-ray 
emission from the element to be analyzed is gen- 
erated within the volume irradiated, and some of 
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FIG. 1.--Primary x rays are generated at various 


depths pz beneath surface and are collected at angle 


6 by the spectrometer. 


this emission enters the spectrometer after un- 
dergoing absorption on its way out of the sam- 
ple. The measured intensity may also be en- 
hanced by secondary fluorescence generated 
deeper within the sample. The resultant inten- 
sity is compared with that from a known stan- 
dard and the ratio corrected to give the true 
concentration of the analyzed element in the 
sample. 

Some complex physical processes are thus in- 
volved as the electrons slow down, are scat- 
tered, and cause ionization, from which the re- 
sulting radiation undergoes absorption and may 
be enhanced by fluorescence. In principle 
these processes can be calculated from funda- 
mental parameters, but are too complex to be 
described exactly, so that the final accuracy 
of the analysis may not be limited by these 
parameters themselves but by the physical model 
which embodies them. 


The Phystcal Model 


The essential link between the basic physics 
of microprobe analysis and its useful applica- 
tion is the physical model used to represent 
the process numerically. Many such models have 
been proposed in the past 40 years and are 
properly the subject of a separate session on 
quantitative analysis. However, it is too lim- 
iting to consider the basic physics in isola- 
tion for several reasons. 


e The model tells us which fundamental pa- 
rameters are important and which are not; in 
most cases, for example, it is more important 
to know mass absorption coefficients accurately 
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FIG, 2.--Physical model links basic phys- 
ics with practical microprobe analysis. 


than fluorescence yields. 

® The model reflects the changing needs of 
the user for example in demanding better light- 
element analysis, for which a good knowledge of 
the distribution in depth of x-ray emission is 
important as well as of the mass absorption co- 
efficients. The analysis of oxygen in the new 
superconductors is a case in point. 

@ The model also reflects the changing capa- 
bility of the instrument, for example, the ad- 
vent of multilayer monochromators has increased 
the popularity of light-element analysis. Im- 
proved instrument stability has also heightened 
demands for improved accuracy overall. 


Thus, Fig. 2 indicates, the physics, instru- 
mentation, and applications of the technique 
are in a continual state of interaction, and 
work on the fundamental parameters underpinning 
the physics must be part of this interaction if 
it is to meet the real needs of the subject. 

To study this relationship further we look at 
two main models to assess the demands that are 


placed on the accuracy of the fundamental param- 
These are the "ZAF" correction, 


eters involved. 
in which effects due to atomic number, absorp- 
tion, and fluorescence on the measured intensi- 
ty are calculated separately; and the "Monte 
Carlo'' approach to simulate a large number of 
electron trajectories in the target and hence 
calculate the intensity as a single process. 


X-ray Absorption and the ZAF Correction 


The model most widely used is the ZAF cor- 
rection, which exists in a variety of forms 
suitable for automated correction procedures 
in the computer. The method had its origins in 
the early 1960s, as an understanding evolved 
first of the absorption A of the emerging pri- 
mary beam, then of secondary emission due to 
fluorescence F, and only later of the depen- 
dence of electron penetration and backscatter 
on atomic number Z. Separated in this way, 
the absorption correction is usually the most 
important, and it was early shown by Castaing 
that the fraction f(y) of x rays leaving the 
sample surface in the direction of the spec- 
trometer may be calculated from the distribu- 
tion $(oz) of x-ray emission with depth pz be- 
neath the surface, as implied from Fig. 1. 
Thus 


£(x) = Sé(ozje *™ d(pz)/So{ez) d(oz) Q) 


where x = (u/p)} cosec 9, where u/p is the mass 


absorption coefficient and 6 the take-off angle. 


The first determinations of $(9z), and hence 
f(y), were made experimentally by Castaing and 
Descamps in 1955 and have since been supple- 
mented by many others.! What was needed, how- 
ever, was a theory that would predict f(y) for 
any element and any beam energy. 

A major step was made in this direction in 
1962 with the proposal by Philibert of a simple 
quadratic expression for f(x) in the form? 


V/f(x) = 1 + atx /o + B(x /o)? (2) 


where a and b are functions of atomic number 


and o depends on beam energy. At about the 
same time Green made extensive measurements of 
f(x) for various elements directly,? and, on 
the basis of his and other work, Duncumb and 
Shields proposed an expression for o to take 
account of the critical excitation potential 
of the analyzed element as well as beam ener- 
gy.> In 1968 this expression was further im- 
proved by Heinrich but the essential quadratic 
relationship in 1/f(x) has been retained 
throughout.’ Much more recently Heinrich has 
constructed a new "f(x) machine" for further 
direct measurements.° 

A surprising result of the success of the 
Philibert expression was that it showed that 
f(x) was relatively insensitive to the shape 
of >(pz), a consequence of the partial cancel- 
lation of ¢(pz) that is inherent in the form 
of Eq. (1). However, that is only true where 
absorption is not excessive. By the same token 
f(x} is even less sensitive to the form of the 
inner shell ionization cross section, which 
Philibert assumed to be constant along the 
electron path. We shall return to this point 
presently. Thus the Philibert correction, ap- 
propriately modified, has been highly success- 
ful for the analysis of elements with atomic 
number greater than 12, but falls down when it 
is extended to the light elements, where these 
criteria may not be valid. 


Mass Absorptton Coeffictents 


In terms of the fundamental parameters re- 
quired for making use of the Philibert correc- 
tion, all that is thus required is a knowledge 
of the appropriate mass absorption coeffi- 
cients, and they were first brought together 
for microprobe use by Heinrich in 1964." Us- 
ing a derivative of the formula proposed by 
Kramers in 1923, Heinrich was able to fit the 
best experimental data then available with an 
expression of the form 


u/o = Cr” (3) 


where i is the wavelength of the incident ra- 
diation and the exponent n falls in the range 
2.5-2.9. The coefficient C changes abruptly 
at absorption edges, and is tabulated, with n, 
as a function of the absorbing element. More 
recently Heinrich revised these coefficients 
and extended the formula to cover the light 
elements, ° giving a consistent set of values 
for x-ray wavelengths up to the K emission of 
boron. Thus a means exists for calculating 
mass absorption coefficients as part of a cor- 
rection procedure, rather than by storage of 
unwieldy tables, which can run to some 27 000 
values for all combinations of emitted radia- 
tions and absorbing elements. 

The main features of Heinrich's tables are 
summarized in Fig. 3, showing the linear con- 
tours that result from use of a logarithmic 
plot. There is still uncertainty in some of 
the values for low energies; Bastin has shown, 
in a careful analysis of oxygen in various 
known oxides, that the best way to refine 
these values may be to work back from the 
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where ca is the mass 
concentration of ele- 
ment A in the sample, S is the electron stopping power, Q the ionization cross section and 1 ~ R 
the fractional loss of intensity due to backscatter. The fluorescence yieid wa is the proportion 
of A ionizations that give rise to characteristic emission from a given shell, normally assumed 
to be the same in both sample and standard. We comment briefly on S, R, and Q as they affect the 
accuracy of the generated intensity. 


FIG. 3.--Systematic variation of mass absorption coefficient over 0.2-~-20keV 
range. 


Electron Stopping Power S. It is well known that electrons are slowed down by a series of in- 
elastic interactions as they penetrate into the target. For most purposes this loss of energy 
has been well approximated by a continuous function, such as Bethe's law, which gives the rate of 
energy loss with mass thickness in terms of electron energy and target material. Thus 


S = const. (Z/A) (1/E)In(1.166E/J) (5) 


where Z and A are the atomic number and atomic weight of the target material, and J is its mean 
excitation energy. This latter parameter is assumed to be a smooth function of atomic number and 
not dependent on chemical bonding--approximations which at some point become invalid. Likewise 
the Bethe expression takes no account of straggling effects which blur the deceleration process. 
It is relatively easy to evaluate the effect of varying the mean excitation energy, but the im- 
portance of straggling and the effect of chemical bonding are not yet fully understood. 


Eleetron Backscatter R, The intensity loss due to backscatter can be readily calculated from 
a knowledge of the energy distribution of the backscattered electrons. This distribution has 
been determined experimentally for a number of elements and beam energies, notably by Bishop, and 
these measurements have been successfully interpolated by a fitted polynomial.* The effect of 
inclining the beam axis away from the normal to the surface is less well known, but the Monte 
Carlo technique appears to be the best way of supplementing such experimental data as do exist. 


Iontzatton Cross-section @. To date, a knowledge of the ionization cross section as a func- 
tion of electron energy has been of less importance, because of the inherent compensation between 
sample and standard normally used with bulk samples. That may not be the case at the high over- 
voltages often used for the light elements. In addition, the form of Q clearly influences the 
shape of $(p2), which in turn must influence the absorption correction, as noted above. A furth- 
er reason for knowing Q is so as to carry out thin-film analysis in the analytical electron mi- 
croscope, where intensity comparisons are made among various wavelengths in a given sample. The 
most commonly used form of Q is given by 


QE.? = const. (In vu) /u" (6) 


where Ee is the critical excitation potential, U is the overvoltage ratio E/E,, and the index m 
is normally chosen to be unity. The effect of varying this index on the depth distribution ¢(2) 
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FIG. 4.--Comparison of $¢(pz) curves for two forms of Q, by Monte Carlo calculation. 
FIG. 5.--Comparison of Green's measurements of quantum efficiency with values calculated in this 


paper. 


can be studied very effectively by the Monte 
Carlo technique, and we take an example now to 
show how it can be done. 


Monte Carlo Modeling 


The technique was first applied to micro- 
probe analysis in the early 1960s by Green and 
by Bishop,* and has since been revolutionized 
by the advent of low-cost computing. Progress 
was reviewed in 1975 at a special workshop or- 
ganized by the NBS,° and frequent advances have 
since been reported at the annual MAS meet- 
ings,” which are reviewed in other papers in 
this volume. 

The essence of the method is to simulate a 
large number of electron trajectories, each 
made up of a number of individual scattering 
events, generated at random according to an as- 
sumed law of electron scattering. These are 
separated by a finite step length within which 
the electron loses energy. As each electron 
slows down, the probability of causing x-ray 
ionization in a given layer may be summed to 
build up the distribution ¢(oz) with depth pz 
below the surface. The intensity emerging from 
the sample surface from each depth can then be 
calculated. Thus the measured intensity for 
element A is 


I, = const. cy So(pz)e >” d(pz) (7) 


The constant term allows for the units in which 
¢(oz) is expressed, and for the efficiency of 
detection, and disappears when I, is related to 
the intensity from a standard. 

The Monte Carlo method overcomes many of the 
difficulties with the ZAF technique in respect 
of the light elements, and is moreover suited 
to tilted or layered geometries. Because it 
computes (pz) directly there is no need to 
separate the atomic-number effect from absorp- 
tion, although this is easily done for compari- 
son if necessary. Thus Eq. (1) allows Eq. (7) 
to be rewritten as 


I, = const. cf (x) fo(pz) d(pz) (8) 


in which f(x) represents the absorption correc- 
tion and the remainder is the intensity gener- 
ated before absorption, as in Eq. (4). We can 
thus relate the absorption and atomic-number 
effects straight back to the fundamental laws 
of electron scattering, electron stopping pow- 
er, and ionization cross section so that the 
effect of varying any of the parameters on the 
end result can readily be tested. 

To provide an example of this ability, the 
technique has been used to simulate the x-ray 
emission from a sample containing a trace of 
carbon in iron. This configuration represents 
a real problem for the metallurgist and formed 
one of the first applications for light~element 
analysis. The calculation is based on a simple 
50-step Rutherford scattering model first de- 
scribed by Duncumb,* which is adequate for this 
purpose and easy to use. 

Figure 4 shows the distribution ¢(pz) for 
iron K radiation, based on the form of ioniza- 
tion cross section Q given on Eq. (6), and com- 
pares it with that obtained with Q set to be 
constant (U > 1), as assumed in the earlier 
Philibert approach. Very little difference is 
seen in the 6 curves for iron, even with this 
extreme change in Q. However, for carbon radi- 
ation a different result is obtained, since the 
overvoltage ratio U for this low-energy radia- 
tion is much greater, which has a correspond- 
ingly large effect on $(pz) and hence on f(x). 
For light-element analysis, therefore, Q must 
be chosen with care, and it may be worth trin- 
ming the value of m_ toa value slightly lower 
than unity used in this illustration. 

The Monte Carlo method thus offers an ideal 
way of exploring the effect of varying any of 
the fundamental parameters it embodies on f(x) 
and on the total intensity generated. For day- 
to-day analysis, however, the method is too 
cumbersome, and it is more practical to replace 
the $(oz) curves so obtained by analytical ex- 
pressions fitted to the shape and total area; 
one such approach is described by Pouchou and 
Pichoir.°> 


Absolute Intenstty 


We have seen that a knowledge of the abso- 
lute intensity of emission has not been of pri- 
mary importance in quantitative analysis, be- 
cause of the cancellation that occurs in com- 
paring sample with standard. However, there 
are several instances where that is not the 
case; we have referred to the fluorescence cor- 
rection, to the normalization of the area under 
¢(pz) curves, and to the analysis of thin iso- 
lated films. In addition, a growing influence 
over the past few years has been the advent of 
"standardless" analysis, made possible by the 
relative stability of energy-dispersive detec- 
tors over crystal spectrometers. In principle, 
it is only necessary to calibrate the detector 
efficiency at one wavelength in order to calcu- 
late the count rate from a known sample at any 
other wavelength. To do so, it is essential 
to know how the intensity generated within the 
sample varies with beam voltage and atomic num- 
ber. In practice, several reference samples 
are often required, but in general the explora- 
tory analysis of a sample with many unknown 
elements can be greatly speeded up. 

The absolute intensity of emission, in terms 
of x-ray quanta generated per electron, was 
studied early by Green and Cosslett in relation 
to microprobe analysis.? Using a gas propor- 
tional counter of known efficiency, they mea- 
sured the intensity from a number of Ka, La, 
and Ma emitters, and confirmed the existence of 
a power law variation with the overvoltage 
E, - Ec. Their measurements for the K emission 
from aluminum, copper, and silver are plotted 
as quantum efficiency in Fig. 5, and are here 
compared with the calculated efficiencies ob- 
tained by numerical integration of Eq. (4) 
above. Good agreement is obtained over a wide 
range of overvoltage and atomic number, showing 
a variation of three orders of magnitude in 
quantum efficiency. The constant terms in Eqs. 
(5) and (6), which form part of Eq. (4), are 
those given by Reed,* Some fall-off is evident 
in the calculated values for high overvoltages 
in aluminum; this discrepancy can be reduced by 
lowering m in Eq. (6) from 1 to 0.8, but may 
possibly be explained by inaccuracy in the high 
absorption correction implicit in Green's re- 
ported data. 

Plotted on a log-log scale, as illustrated, 
Green's data show a linear displacement with 
atomic number Z. This displacement is repre- 
sented in Fig. 5 by the diagonal scale showing 
the plot spacing as a function of atomic number. 
Thus a reasonable knowledge of quantum efficien 
cy exists for K radiation, and Green's measure- 
ments are consistent with the later theory 
adopted in this paper. The situation for L and 
M emission is not so satisfactory, and a better 
knowledge of ionization cross section Q and 
fluorescence efficiency wa is still needed. 


Fluorescence Yield 


Whereas the term for fluorescence yield ap- 
pears directly in the calculation of absolute 
intensity (Eq. 4), it is eliminated when the 


intensity measured is compared with that from 
a standard sample. That is not the case where 
secondary fluorescence is significant, since 
the relative enhancement in the measured inten- 
sity is directly proportional to the fluores- 
cence yield of the exciting element. Fortu- 
nately this is well known for K radiation, 
where the effect may be strong, but less so for 
L or M emitters. The calculation of secondary 
fluorescence is well documented and falls out- 
side the scope of this paper.3 

Even where secondary fluorescence is not a 
major factor, the primary intensity may be af- 
fected by nonradiative transitions." The Auger 
effect is well known, but the redistribution 
of vacancies within L or M subshells from Cos- 
ter-Kronig transitions has only recently re- 
ceived detailed attention.° This redistribu- 
tion has the effect of varying the intensity 
of one line relative to another; in practical 
terms, it can lead to a significant error in 
the calculation of absolute intensity, espe- 
cially at low voltages. It is difficult to 
measure this effect directly; it may be that 
(as with some mass absorption coefficients) the 
best way forward is by the microprobe analysis 
of known standards. 


Coneluston 


We have looked at two physical models of the 
process of microprobe analysis, in order to as- 
sess the relative importance of the fundamental 
parameters on which they are based. Although 
there will always be scientific interest in im- 
proving our knowledge of the basic physics, we 
need to shape this interest toward the parame- 
ters that will improve the accuracy of the 
technique for the end user. In this context, 
the papers that follow expand the subject in 
more detail. 
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ELECTRON SCATTERING IN SOLIDS 


Ryuichi Shimizu and Z.-J. Ding 


We propose a practical model for the Monte Car- 
lo simulation of electron scattering in solids. 
This model is based on the use of the dielec- 
tric function for describing inelastic scatter- 
ing and of the differential cross sections de- 
rived by partial wave expansion method, often 
called Mott scattering cross section, for de- 
scribing elastic scattering. 

The present approach has been applied to 
(1) anistropy in the angular distribution of 
elastically backscattered electrons in the sub- 
keV region; (2) simulation of N(E)-spectra with 
secondary electrons included; (3) ultimate reso- 
lution of the SEM, leading to more comprehen- 
sive understanding of basic mechanisms in mi- 
croanalysis for quantification; and (4) the 
calculation of escape depth for quantitative 
Auger electron spectroscopy (AES) and x-ray 
photoelectron spectrometry (XPS). 


Theorettecal 


Rlastte Seattering. According to quantum 
mechanics, the incident wave of an electron is 
scattered by a scattering center. The scat- 
tered spherical waves have their own phase 
shifts, and the scattering amplitude can then 
be obtained by the summation of these partial 
waves. Mott has given the relativistic repre- 
sentation of the differential cross section for 
an electron elastically scattered through an 
angle 8: 


= |£(0)|7 + |g(9)|* (1) 
with the scattering amplitudes 
1 7 E26,7 
f(@) =any- fF [(L4+1) Ce as 
2ik 2=0 
128, 
+ 2(e - 1)j P, (cos 6) (2) 
oo 126,+ 12697 
g g 
g(8@) = a bo pee OO ae se j P,* (cos 8) (3) 
Q=1 


where 6, and 6) are spin "up'' and spin "down" 
phase othe of” {th partial wave with Po (cos 6) 
and P;(cos 6) Legendre and associated Legendre 
functions, respectively. The atomic potentials 
were calculated from the analytical expression 
for the Thomas-Fermi-Dirac atomic potential.’ 
The details of these calculations have been de- 
scribed elsewhere. ? 


The authors are at the Department of Applied 
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Japan. 


Figure 1 shows polar plots of Mott differen- 
tial cross sections calculated by the partial 
wave expansion method for 400eV electrons col- 
liding with the Au-atom. The comparison with 
the Rutherford scattering cross section is 
also plotted. The marked difference between 
the cross sections is shown by the existence of 
lobes for certain directions in the Mott scat- 
tering cross section. It has already been 
pointed out that these lobes are directly re- 
lated to lobes observed in angular distribu- 
tion of elastically backscattered electrons in 
the sub-keV region. 


Inelastte Seattering. The theoretical for- 
mulation for inelastic scattering of a pene- 
trating electron in solid has been well estab- 
lished in terms of the dielectric function, ? 
This formulation provides the differential 
cross section for inelastic scattering as 
dries 1 -1 1 
We)aq * wae Meteuy $a (4) 


where hq is momentum transfer from an incident 
electron of kinetic energy E to the solid, 
causing an energy loss of the incident electron 
by AE =fw. Even though the above equation is 
valid, the theoretical deviations of e€(q,w) 
have been made so far only for so-called free 
electron metals. However, recent rapid prog- 
ress in synchotron radiation facilities has 
enabled us to determine the database of optical 
dielectric constant c(O,w) for a wide range of 
materials. Hence we have adopted the following 
excitation function for inelastic scattering,’ 


in SE = 


-1 2 
di _ me : mf -1 (5) 


dCHE) “ye E Mel) 
by integrating Eq. (4); and the optical dielec- 
tric constants from the database® were used for 


e(w). 


Dertvatton of Inelastte Mean Free Path and 
Stopping Power 


Using Eq. (5) one can derive the inelastic 
mean free path (IMF) dj, 
“1  ,B-E . 
= f da 
Xen ey oy eae) ) 
0 


Since the experimental data on Ajp have been 
reported, Eq. (6) permits the determination of 
the constant c in Eq. (5) so that the Ajn cal- 
culated from Eq. (6) fits the experimental 
data. The results are shown in Fig. 2.° 

Eq. (5) also allows one to derive the stop- 
ping power as 
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A more direct derivation from Eq. 
to the definition leads to 


(4) according 


a8 es f (SE) Infz suey In(a*) d (AE) (8) 
where 

qi = vk? - k? - (2mAEh 7) (9) 
q2 = 3k - vk? - (4maEM?2) ] 


Comparing Eq. (8) with Bethe's stopping power 
one can easily see the mean ionization energy 
of the Bethe's stopping power defined in the 
present approach as 


17a2\-2 
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In Fig. 3(a) the stopping power calculated from 
Eq. (8) for Al is compared to the Bethe's stop- 
ping power to determine whether it includes the 
wider energy region down to tens of electron 
volts. Figure 3{b) shows the stopping powers 
for various metallic materials, in which one 
can see that each stopping power calculated is 
in agreement with the relevant Bethe's stopping 
powers for the high-energy region,’ 


Stmulatton Modet 


The theoretical expressions for elastic 
scattering (Ew. 1) and inelastic scattering 
(Eqs. 4 or 5) enable us in principle to simu- 
late the scattering processes of a penetrating 
electron in a solid, leading to the more com- 
prehensive description of the energy loss pro- 
cesses from the primary energy to the slow sec- 
ondary energy; i.e., covering whole N(E) spec- 
trum. However, in practical computer simula- 
tion this type of simulation based on the use 
of Eq. (4) for whole energy region requires 
huge computing times, two or three orders of 
magnitude larger than the conventional Monte 
Carlo simulation based on the use of the Ruther- 
ford scattering formula and the Bethe stopping 


power. Hence, we divided the whole energy re- 
gion into three parts; EpvEy - 100 eV, Ep - 
100 eVv100 eV, and 100 eV to 0 eV. For the 


first and third parts, where energy loss peaks 
often associated with fine structures and sec- 
ondary electron peaks of very large intensity 
appear, respectively, Eq. (5) has been used for 
describing the inelastic scattering processes. 
For the second part, which covers the major part 
of the energy region, we have used Gryzinski's 
cues 
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which has reduced the computing times very 
much, accommodating practical use. 


Angular Distribution of Elastically Backscat- 
tered Electrons 


It has been pointed out that the angular 
distribution of elastically backscattered elec- 
trons in the sub-keV region reflects the atom- 
ic scattering factor rather than the structure 
factor for a polycrystalline sample. Hence, 
the lobes appearing in the angular distribution 
directly correspond to the lobes of the differ- 
tial cross section of elastic scattering (Fig. 
1), as illustrated in Fig. 4. Electrons that 
have undergone a single elastic collision exit 
from the surface as backscattered electrons 
while maintaining their kinetic energies. 
angular distribution of those backscattered 
electrons therefore reflects the differential 
cross section (single-collision model). 

To confirm this conclusion we performed the 
measurement of the angular-energy distribution 
of backscattered electrons with a rotatable 
sector-type energy analyzer. A schematic of 
the experimental arrangement is shown in 
Bio. 55 

The experimental results were compared with 
two theoretical calculations by Monte Carlo 
simulation and the single-collision model, as 
shown in Fig. 6.° The direction of the lobes 
of both the calculated results agree very well 
with those of the experiment, leading to the 
conclusion that the angular distribution of 
elastically backscattered electrons of sub-keV 
is mainly controlled by the differential cross- 
section of elastic scattering with single 
atoms, particularly for heavy-element materi- 
als. 


The 


N(E)-speetra with Secondary Electrons Ineluded 


In microanalysis, considerable amounts of 
Signal are generated by the backscattered 
electrons. To establish quantitative analysis 
with those signals, the precise knowledge of 
the backscattered electrons is therefore neces- 
sary, and we attempted to provide the theoret- 
ical full energy spectrum from the elastic peak 
to the low-energy secondary electron peak, 
which is another signal of SEM. 

Figure 7 shows the calculated total energy 
distribution, N(E) spectra, of all the back- 
scattered and secondary electrons ejected from 
the surface into the vacuum in hemispherical 
solid angles.® The inset figures are the ener- 
gy distribution of secondary electrons and the 
energy loss peaks, enlarged for more detailed 
examination. As seen from the figures for the 
secondary electrons, the calculated energy dis- 
tributions (plotted in a histogram) agree with 
the experimental ones quite satisfactorily. 
With respect to the energy distributions of the 
backscattered electrons with the loss peaks, 
more systematic investigations have also been 
performed to confirm that the present Monte 
Carlo simulation agrees with the experimental 
results.” 
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FIG. 4.--Schematic diagram of collision model. 
FIG. 5,.--Experimental arrangement. 
FIG. 6.--Polar plots of angular distribution of elastic peak in the incidence plane for 600eV 
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Ultimate Resolutton of SEM 


The recent development of high-brightness 
electron sources and progress in the electron 
optical design of instruments have enabled the 
SEM to approach its ultimate resolution. Naga-~ 
tani and Saito*® demonstrated that a spatial 
resolution of 8 A was attainable from the obser- 
vation of Au-Pd fine particles evaporated on a 
carbon film substrate (Fig. 8). Modern elec- 
tron optical design produces a minimum probe 
size of 6 A or less, at an accelerating voltage 
of 30 kV; Nagatani and Saito, by obtaining a 
probe size of 8 A or less, have almost attained 
the theoretical limit. 

However, a new question has arisen: does the 
spatial resolution in such an SEM-observation 


(©) Monte Carlo simulated results; (®) experimental data, scaled to be unity for 
calculated from single-collision model. 


directly guarantee that the spot size is equal 
to or less than the spatial resolution? We 
therefore wish to examine this question by 
Monte Carlo simulation of their experiment, as 
follows. Figure 9 shows a schematic illustra- 
tion of the sample used in the experiment and 
the model for the simulation. In the model, 
the Au-Pd particles on carbon film are simpli- 
fied to be Au-blocklets and carbon film is 
neglected for convenience of simulation. Next, 
an electron probe of infinitesimal spot size 
is assumed to scan over those Au blocklets by 
considering the gap between them as a parame- 
ter. 

Figure 10 shows the trajectories of incident 
electrons (top) and of secondary electrons 
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FIG. 7.--Calculated total energy distribution of backscattered electrons and secondary electrons. 
Left inset is for true cascade secondaries, dashed line and shaded region show experimental 
curves. Right inset shows low-loss energy peaks with elastic peak. (a) Si; (b) Cu; (c) Au. 

FIG. 8.--Secondary electron image of evaporated Au-Pd particles. 

FIG. 9.--(a) Schematic diagram of the sample for Fig. 6; (b) simplified model for simulation. 
FIG. 10--Trajectories of electrons produced by primary beam of infinitesimal spot size incident 
on Au film 100 & thick at 5 & from the edge. 

FIG. 11--Line scan profiles near edges for several diameters dp. (a) Natural contrast; (b) ex- 
panded contrast, as shown for dp of 10 R with expansion constant M = 2. 
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generated in the Au blocklet. Assun- 
ing that all those secondary electrons 
emitted from both surfaces, top and 
side, are to be detected as signal, we 
have obtained the line scan profiles 
for electron probes of various spot 
sizes dy, which can easily be done by 
taking a convolution of the Gaussian 
distribution function describing the 
intensity distribution of the relevant 
electron probe, with the line scan pro- 
file for the electron probe of infini- 
tesimal spot size obtained by the 
Monte Carlo simulation. 

The results are shown in Fig. ll(a). 
Here we assumed that the gap of two 
Au blocklets is 5 &? There are two 
possibilities to allow the observation 
of 8 R edge-to-edge resolution in an 
SEM image. The first one is the case 
in which both dp and the gap are less 
than 8 R, as demonstrated by the dotted 
line in the figure. Another possibili- 
ty for obtaining such a high edge-to- 
edge resolution is demonstrated in 
Fig. 11(b). Here we assume dp is 10 &. 
Some devices may enable the high reso- 
lution to be attained by image process- 
ing provided that S/N is sufficiently 
high. Taking into account the experi- 
mental conditions of the SEM observa- 
tion shown in Fig. 7 and the Rose cri- 
terion, we have demonstrated that the 
experiment allows a contrast expansion 


intensity 
intensity 


intensity 
Intensity 
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FIG. 12.--Depth distribution of Auger electron intensity 
measured with hemispherical solid angle. Solid line in- eae Pies : 
dicates case when elastic scattering is neglected. His- Mor BU 2eeSe double; tees Me eon 
; 5 3 Fig. 11(b), which leads to the conclu- 

tograms are Monte Carlo calculation results by inclusion : F 

2 : : sion that the edge-to-edge resolution 
of elastic scattering. n represents number of scattering in dies case Ga Ag he ae a ceneeod an, 
times, © summation over n. (a) Cu (59 eV); (b) Cu (916 ? 


j : more detail elsewhere.+! 
eV); (c) Au (238 eV); (d) Au (2025 eV). Consequently, the present simulation 


suggests that the edge-to-edge resolution depends on many factors of an experiment and can be 
considerably improved by appropriate image processing. It is therefore strongly recommended that 
electron microprobists should be careful in the assessment of the probe size from SEM observation, 


Elastie Seattering in Escape Processes Correction for Escape Depth 


In the conventional formalism of escape depth or attenuation length, the elastic scattering of 
the signal electron has not been considered. However, recent calculations!” have shown the at- 
tenuation of the signal electrons, incurring considerable error in quantitative AES and XPS. 
Differential cross sections for both elastic and inelastic scatterings are available fromEqs. (1) 
and (4). This allows for Monte Carlo simulation of the escape process of signal electrons of 
different kinetic energies to determine how the elastic scattering affects the assessment of es- 
cape depth, which has been conventionally assessed from the IMFP only. 

Figure 12 shows Monte Carlo calculations of depth distribution of the signal electrons, i.e., 
the escape probability of the signal electrons generated at depth Az.'* This result indicates 
how the elastic scattering contributes to practical reduction of the escape depth. In the case 
of (b)-(d), elastic scattering has resulted in the reduction of 20% of the escape depth and much 
more for the case (a). 

Consequently, the present Monte Carlo simulation has demonstrated that elastic scattering 
should be included in the assessment of escape depth for quantitative AES and XPS. 
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INNER-SHELL IONIZATION CROSS SECTIONS 


C. J. Powell 


Values of cross sections for ionization of in- 
ner-shell electrons by electron impact are re- 
quired for electron probe microanalysis, Auger 
electron spectroscopy, and electron energy loss 
spectroscopy. The author has reviewed measure- 
ments and calculations of inner-shell ioniza- 
tion cross sections.?”* This paper is an up- 
date and summary of these previous reviews with 
emphasis on data for total inner-shell ioniza- 
tion cross sections as needed for x-ray micro- 
analysis. Information is given on the more 
useful formulas for ionization cross sections 
and the extent to which they agree with calcu- 
lations and measurements for particular ele- 
ments. 


Bethe Theory of Inner-shell Ionization 


Bethe’ has shown that the cross section for 
jonization of the nl shell by electrons of en- 
ergy E is 


Zab 


4 
_ Te nl nl 
QE E In(c, E/E, 4) (1) 
ni 
where Zn] is the number of electrons in the nl 
shell and E,; their binding energy. The terms 


bynj and cy, are referred to as the Bethe param- 
eters and are expected to be approximately 
unity and in the range 1-4, respectively. It 
has been assumed in the derivation of Eq. (1) 
that E >> E,j; the minimum value of E to satis- 
fy this relation will be discussed below. 
Equation (1) has been written in nonrelativ- 
istic form. If E ® 50 keV, relativistic Sor 
rections are necessary and Eq. (1) becomes® 
Te" 2 P nt 
= fe te. 


mov?/2E_,) 
(mov2/2) E : ny 


Qa 
nl 


~ in (1 = 6?) - 87] 


where 8 is the ratio of the electron velocity v 
to the velocity of light and mp is the electron 


rest mass. Values of v and 8 for selected ac- 
celerating voltages have been tabulated. ® 

It is convenient to rewrite Eq. (1) in the 
form 
Qenr = (me Png Yay) Cy Yay (Sa) 


where Uni = E/En1. With values of constants in- 
serted, Eq. 3(a) becomes 


C. J. Powell is at NIST, Surface Science 
Division, Gaithersburg, MD 20899. He is in- 
debted to Drs. J. N. Chapman, T. Sato, T. 
Sekine, and J. A. Venables for the communica- 
tion of numerical results. 
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(2) 


ee -14 
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cm7eV?2 (3b) 
Similarly, Eq. (2) can be written 

Pow ~14 
Qn ae Ud i a Ant 

, Zay2 
(V4, * Ine) cmev (4a) 

a z  e2 
where Val 17 Uni! In(1 B*) (4b) 
and Uni = myv?/2E4 (4c) 


A simple yet valuable method of analyzing 
cross-section data is the Fano plot. Paty 

Such plots are made by plotting Qn 1En1?Uni1 vs 
In Unl, as suggested by Eq. (3) for the non- 
relativistic Bethe equation, or Qn1En1?Un1' vs 
Vn1, aS suggested by Eq. (4) for the relativis- 
tic case. These plots are linear if the as- 
sumptions made in the above theory are valid. 
Linear plots also permit ready determination 
of the Bethe parameters by] and cnl. An im- 
portant internal-consistency check is that the 
value of bn, so derived should equal (within 
experimental error) the value obtained from an 
appropriate integration of photoabsorption 
data. 

Interpretation of Fano plots is unfortunate- 
ly not generally simple since the plots often 
show two linear regions, as illustrated sche- 
matically in Fig. 1. It is only for region 2 


L-neion 1 a 


FIG. 1.--Schematic illustration of Fano plot in 
which product of incident energy E and a par- 
ticular ionization cross section Q is plotted 
against logarithm of E (after Ref. 11). See 
text for description of regions 1 and 2. 


in Fig. 1 that the plots show the asymptotic 
Bethe dependence with a slope directly related 
to photoabsorption data. At lower incident en- 
ergies, region 1 in Fig. 1, another linear re- 
gion is generally found with a slope approxi- 
mately 20% greater than that for region 2. As 
a result, empirical values of bn, for region 1 
are greater than would be expected from the cor- 
responding optical data.* The empirical values 
of cy, for region 1 are similarly smaller than 
the corresponding values for region 2. 

The values of Up] that define the boundaries 
of regions 1 and 2 in Fig. 1 are not well 
known. Analyses of K- and L-shell ionization 
cross sections have shown that region 1 covers 
at least 4 < Ug < 25 and 4 < Upos < 20. Simi- 
lar analyses of data for ionization of gas- 
phase atoms show region, 1 extending from U = 4 
to U between 25 and 50. The lower limit for 
region 2 is not known but is thought to be Unl 
~ 50-200, depending on material.+*?° 

Although the Bethe equation provides a sim- 
ple, convenient, and physically based means for 
calculating inner-shell ionization cross sec- 
tion, a number of important eet one should be 
kept in mind when it is used.’? First, the 
Bethe equation is only expected to be valid wher 
the incident energy is high enough to insure the 
validity of the first Born approximation; that 
is, region 2 of Fig. 1. Second, it is only for 
such high energies that cross sections can be 
calculated from first principles. The fact 
that Fano plots may show linear regions at low- 
er incident energies (region 1 of Fig. 1) is 
empirically useful but should not necessarily 
be relied on. There are several reasons’* for 
the change of slope in the Fano plot from re- 
gion 2 to region 1, but the most likely cause 
is electron-exchange effects.'+ It is diffi- 
cult to predict slopes for region 1 ,and how 
they may change with atomic number. Finally, 
the Bethe equation cannot be mae to be 
even empirically useful for near-threshold in- 
cident energies (U,; < 4). Although the calcu- 
lated cross sections may become negative {since 
the empirical values of cy, are generally less 
than unity), this result does not represent a 
"defect" of the Bethe theory because Eq. (1) is 
not expected to be valid at such low energies 
(and should not, of course, be used for ener- 
gies where the Fano plot is nonlinear). 

For most x-ray microanalysis applications, 
the incident electron energy is often at least 
partly in the range corresponding to region 1 
of Fig. 1. Analysts should insure that the 
Bethe equation is applied only for conditions 
(elements, shells, and values of Uni) for which 
it is expected to be valid. No equation should 
be used outside the parameter range for which 
it has been demonstrated to be valid. 

It has been sometimes assumed that the Bethe 
parameters are "constants," independent of atom- 
ic number, for ionization of a given shell. 

Such a result has not been proved for either re- 
gion 1 or region 2 of Fig. 1. Values of bni for 
region 2 can be derived independently from pho- 
toabsorption data, and it has been shown that 
such values of ok and byj23 do not vary appre- 
ciably with Z. 


Values of the Bethe Parameters 


Since the Bethe equation has been applied 
extensively in x-ray microanalysis, we shall 
comment here on measurements and calculations 
of the Bethe parameters IncEas. C1) 

The present author’ analyzed measured K- 
shell and L,,-shell ionization cross sections 
and found that Eq. (1) described most measure- 
ments. Linear ae prots were obtained from 
628 oe and 4 4 UK & 25 for which by ¥% 0.9 
and cx % 0.65. There was no evidence for a 
significant variation of the Bethe parameters 
with Z. The limited L2;-shell ionization data 
available were then similarly analyzed for 15 
<Z< 18 and 4 < Uy & 20 to give bj, = 0.5 - 
0.9 and cy,, = 0.6. The variation of the de- 
rived by, values with Z, however, was not con- 
sistent with the trend expected from photoab- 
sorption data. 

Rez!° and Batchelor et al.?° have reported 
calculations for ionization of K-, L-, and M- 
shell electrons in a range of atoms using 
first-order perturbation theory and Hartree- 
Slater wave functions. Rez fitted his calicu- 
lated cross sections to the Bethe equation and 
found values of the Bethe parameters in the 
following ranges: 0.71 < by < 1.20 and 0.71 
< cy < 1.11 for 13 < Z < 39; 0.96 < bias < 
1.09 and 0.74 < par: < 0.86 for 40 < Z < 64; 
and 1.21 < byqg < 1. 35 and 0.69 < cya < 0.72 
for 74 < Z< 92. The Rez values of by show a 
larger, variation with Z than found experimen- 
tally. 

Paterson et al.’’ have measured the ratios 
of characteristic Ka x-ray to nearby brems- 
strahlung intensities for Si, Cr, Fe, Co, Ni, 
Cu, Ge, Mo, Ag, and Sn at electron energies be- 
tween 80 and 200 keV. Since cross sections for 
the production of bremsstrahlung are reasonably 
well known, it was possible for Paterson et 
al. to derive K-shell ionization cross sec- 
tions. Figures 2 and 3 show Fano plots for 
their data using the nonrelativistic and rela- 
tivistic Bethe equations, respectively. 
Surprisingly, they found good linear fits, 
within the experimental scatter, for both 
equations over the range 3 < Ux < 55; however, 
the values of bx and cx were different for each 
case (0.62 and 0.90 for the nonrelativistic and 
0.43 and 1.26 for the relativistic equations, 
respectively}. The same data are shown in 
Fig. 4 in a plot of QxEK? vs UK, as suggested 
by Eq. (3); from Figs. 2-4, there is no evi- 
dence of a significant variation of the Bethe 
parameters with Z. Figure 4 also indicates 
that the cross sections of Paterson et al. are 
about 20% lower than would be expected from 
the earlier analysis.* 

Some authors?®~*° have proposed that certain 
parameters in the Bethe equation be empirically 
fitted to limited data sets in order to provide 
convenient representations of the data. Al- 
though the expressions so derived may be useful 
for some purposes, there is a risk in more gen- 
eral use because of the potential or actual 
conflict with other data. For example, Hoeft 
and Schwaab*® derived empirical expressions for 
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FIG, 2.--Fano plot using nonrelativistic Bethe 
equation (Eq. 3) and data of Paterson et al.+’ 
Dashed line is linear fit with bx = 0.62 and 
cK = 0.90. 

FIG, 3.--Fano plot using relativistic Bethe 
(Eq. 4) and data of Paterson et al.’’ Dashed 
line is linear fit with bx = 0.43 and cx = 
1.26; 

FIG. 4.--Plot of QxEK? vs UK as suggested by 
Eq. (3b) using data of Paterson et al.?’ 
Dashed line is for Bethe parameters given in 
Ref... “I 


the dependence of bx, by, and by on atomic 
number; their results for incident energies be- 
tween 35 and 200 keV and for a wide range of 
atomic numbers showed large variations of the 
"effective" Bethe parameters for low Z that 
appear to be in conflict with other measure- 
ments.” 


Other Cross-secetton Formulas and Caleulattons 


We mention here several cross-section formu- 
las that have been found to be useful. Gry- 
zinski*? developed a classical theory of atomic 

1 2 3 4 ionization and excitation that has been widely 
applied largely because of its simplicity and 
In Ux’ = In(i 3 B2) + Be general utility. His expression for the inner- 
shell ionization cross section is 


Cea =-6,51-% Tos Z8(U,,) cmev? (5a) 


- 1973/2 
where g(U) = rake ; | f1 + (2/3)[1 - (1/2U)] In[2.7 + (U - 1)1/7)} (Sp) 
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Equation (5) agrees closely with measured K- 
shell cross sections;***> some additional com- 
ments are given below. 


Experimental K-shell cross-section measure- 
ments have been fitted recently to empirical 
expressions by two groups.??,?5 Casnati et 
al.?* derived the following formula: 


QE 


KK = (2 ,a° FR In U)/U (6a) 
where wy = (E,/R)° (6b) 
d = -0.0318 + (0.3160/U) - (0.1135/U2) (6c) 
@ = 10.57 exp[(-1.736/U) + (0.317/U?)] (6d) 


ag is the Bohr radius, R is the Rydberg energy 
(13.606 eV), and F is a relativistic correction 
factor given by Quarles?" as 


(6e) 
_f2+tfi+t? fa +2 + D1 + 1)? 43/? 
r= [P+ F Heeasiceatcasiceesl 
I = E/me? (6f) 
T= B/me* (6g) 


Equation (6) was found to fit cross-section 
data to typically better than +10% over the 
range 1 < Ux < 20 and 6 <Z< 79. 

Jakoby et al.?3 analyzed some 600 measure- 


ments of K-shell cross sections for elements 


with 6 <Z< 92 and for Ex < E < 2 GeV. Their 
formula is 

Q. aF. (Fp + bF3 + FFs) cm2 (7a) 
where F2(Z,8) = 2.549 x 107*° /E, 8" (7b) 
F,(8) = In[8?/(1 - B?)] - 8? (7c) 
F,(Z,8) = 1 - (8°/87) (7d) 
Fy, (2).= In(1/8*) (7e) 
F5(Z,8) = B°/B (7£) 
p2 = 1 - [1 + (E/me*)]~? (7g) 
eg ee Oe E,/me?]) ~? (7h) 
a = 5i14z 9°?" (7i) 
b = 5.76 - 0.04Z (73) 
c = 0.72 + 0.039Z - 0.000622 (7k) 


The term Ex in Eq. (6b) is expressed in elec- 
tron volts. Equation (7) was found to fit mea- 
sured cross sections to an accuracy of +13%. 

Figures 5 and 6 show plots of Eqs. (6) and 
(7) calculated for aluminum (Z = 13, EK = 1,560 
eV).* The solid line in each figure is the 
Bethe equation (Eqs. 1 and 3) with by = 0.9 and 
cx = 0.65, values that provide a good fit to 
the K-shell cross-section data for low-Z atoms 
over the overvoltage range 4 <4 Ux & 25.1 * The 
three curves in Fig. 5 agree to better than 10% 
over this range of Ux. In the near-threshold 
region, shown in Fig. 6, the Bethe equation is 
not expected to be valid and, not surprisingly, 
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it does not represent the experimental 

dita, =" Equations (6) and (7) both agree 
well with the near-threshold results (Uy < 4) 
and appear to be superior to the Gryzinski 
equation (Eq. 5) in this region.* Figure 7 
shows a comparison of the Gryzinski equation 
(Eq. 5) with the results of the Bethe equation 
(Eq. 3) using parameter values from Refs. 1 
and 17. 

Scofield*® has calculated K-shell and L- 
shell ionization cross sections by high-energy 
electrons. He gives values for nine elements 
with atomic numbers between 18 and 92 and for 
incident energies between 50 keV and 1 GeV. 
Recent measurements’? of L-shell ionization 
cross sections for Cu, Sr, Ag, Sn, Sm, Ta, and 
Au by 50-200keV electrons are in good agree- 
ment with Scofield's results. 


Recent Auger-yteld Experiments 


Two papers have been published recently 
that report values of inner-shell ionization 
cross sections derived from measurements of 
Auger-electron yields from solid elements as a 
function of electron energy.°°°?! Measure- 
ments of Auger-electron yields are attractive 
in that it is not necessary to know fluores- 
cence yields, as is required for the corre- 
sponding x-ray yield measurements. Neverthe- 
less, such measurements for solid targets are 
difficult in that a significant correction is 
required for the additional inner-shell ioniza- 
tions produced by backscattered electrons. 
Batchelor et al.°° made this correction using 
transport calculations of backscattered- 
electron energy distributions while Sato et 
al.°! developed an experimental method for 
comparison with the Monte Carlo results and 
other formulas. 

Batchelor et al. 
dence of 
tions of 
Ms-shell 


a report the energy-depen- 


cross sections for K-shell ioniza- 
Si, L3-shell ionization of Cu, and 
ionization of Ag and W with incident 
energies from 3 to 30 keV. Comparison was made 
with the energy dependence of calculated 
cross sections;*® good agreement was found for 
Si and less good agreement for the other ele- 
ments. The Bethe equation with this author's 
parameter values’ provided a good fit to the 
Cu and W data but deviations were observed for 
Si and Ag. The Si results were the only data 
to agree well with Gryzinski's equation. 

Sato et al.°? have determined cross-section 
dependence on energy for K-shell ionization 
of C, Al and Si, L-shell ionization of Ti and 
Cu, and M-shell ionization of Au in the over- 
voltage range 1.1-15. Their data showed gener- 
ally good agreement with the energy dependence 
of Gryzinski's equation, although there were 
deviations of up to 15% for Si. Fano plots 
based on the Sato et al. data are shown in 
Fig. 8. Since only relative cross sections 
were measured, the data have been normalized 
to the results of Paterson et al./’ for K- 
shell ionization at ln U = 2, It is seen that 
essentially linear plots are obtained for 
all six elements and that the slopes 
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FIG. 6.--Plots of QxEx? vs UK in near- 


threshold region. Solid line is Bethe 
equation as for Fig. 5, dashed curve C is 
Casnati et al.?% equation, and dot-dashed 
curve is Jakoby et al.?7 equation, both 
evaluated for aluminum. Points show mea- 
surements of Hink et al.*° for Ne(o), 
Hippler et al.*° for Ar (+), and Shima et 
al.7’ for Cu (x). 

FIG. 7.--Comparison of predicted K-shell 
cross sections predicted by Gryzinski 
equation (Eq. 5, short-dashed line) and 
Bethe equation (Eq. 3) with bx = 0.62 and 
cK = 0.90 (Ref. 17, solid line) and with 
bx = 0.9 and cx = 0.65 (Ref. 1 1, 10ng- 
dashed line). 
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Solid line is 

Bethe equation (Eq. 3) with by = 0.9 and cy = 
0.65, values that provide a good fit to exper- 
imental cross-section data for low-Z elements 


FIG. 5.--Plot of QxEx? vs Ux. 


over overvoltate range 4 4 Ux § 25,*+° Dashed 
curve C is Casnati et al.?? equation (Eq. 6) 
and dot-dashed curve J is Jakoby et al.?3 
equation (Eq. 7), both evaluated for aluminum. 


are similar to that found for K-shell ioniza- 
tion by Paterson et alae? 


Cross Sections for Microanalysis 


Several authors**-*" have applied different expres- 
sions for inner-shell ionization cross sections to the 
calculation and evaluation of kap factors that are 
needed in the widely used Cliff-Lorimer approach to 
microanalysis.°° Cross-section values obtained from 
the various formulas may differ considerably, but the 
ratios of cross sections needed for the calculation of 
kag factors do not vary nearly as much. 


Parttal Inner-shell Ionizatton Cross Secttons 


For microanalysis by electron energy-loss spectros- 
copy, it is necessary to determine partial ionization 
cross sections corresponding to a limited range of ex- 
citation energies and scattering angles of the inci- 
dent electrons. It is customary to measure the total 


energy-loss intensity over a range of about 100 eV commencing at the threshold energy loss cor- 
responding to the binding energy of an electron in a particular shell for a detected clement. 


17 


== Di = 0,62,Cc:= 0.90 
C Ti 


Al 


(cm eVe) 
(cm2 eV2) 


awh, 


Qk Ex? Ux / 1.302 x 10°13 
Qy Ey. Uy / 1.302 x 10°13 


In Up 


—— b=0.62,c =0.90 FIG. 8 .--Fano plots using nonrelativistic Bethe 
equation (Eq. 3) and data of Sato et al. (Ref. 
@ Au 31) for (a) K-shell ionization (C, Al, and Si); 
(b) L-shell ionization (Ti and Cu); and (c) 
M-shell ionization (Au). Relative measurements 
have been normalized to K-shell results of 
Paterson et al. (Ref. 17) at ln U = 2. Dashed 
line is linear fit to K-shell ionization data 
of Ref. 17 shown in Fig. 2. 


(cm2 eV) 


NO 


Such measurements are made for scattering an- 
gles typically in the range 5-200 mrad. 

The differential scattering cross section 
for specified electron energy loss and momentum 
transfer can be related to the complex dielec- 
tric constant of a solid and to the generalized 
oscillator strength for an atomic excitation. 
Calculations of differential scattering cross 
sections can be made from atomic data and can 
be integrated to give partial ionization cross 
sections for particular instrumental and obser- 
vation conditions.°°*?”’ Recent publications 
give details of calculated and measured partial 
cross sections for conditions of interest in 
analytical electron microscopy.°°® *} An issue 
in these comparisons is the extent to which 
partial cross sections calculated from atomic 
data may differ from measured cross sections 
due to so-called solid-state effects.*>?’ 


od, 


Qn Em? Uy / 1.302 x 10°18 


Summary 


The Bethe equation for inner-shell ioniza- 
tion cross sections has been frequently used in 
x-ray microanalysis. Although it is a simple 
and convenient means for estimating cross sec- 
tions, considerable care has to be exercised to 
insure that reliable values are obtained. This 
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equation is only valid over limited regions of 
overvoltage and should not be applied in condi- 
tions where its validity has not been estab- 
lished. 

The regions of validity of the Bethe equa- 
tion can be identified readily with the use of 
a Fano plot. Such plots typically have two 
linear regions, as illustrated in Fig. 1. Val- 
ues of the two Bethe parameters for each linear 
segment should not be used to estimate cross 
sections for overvoltages outside the particu- 
lar segment. The Bethe parameters for a given 
linear region and for ionization of a given 
shell may not be independent of atomic number 
but such variations are expected to be smaller 
than about 20%. 

It is possible to modify the Bethe equation 
or to introduce functional forms for the param- 
eters so that this familiar equation can there- 
by empirically represent a limited set of cross- 
section data over a wider range of overvoltage 
and atomic numbers than would otherwise be the 
case. For example, a simple expedient could be 
to use a single straight line in Fig. 1] to rep- 
resent the cross-section values in some average 
sense, Alternately, one or another of the 
Bethe parameters could become functions of atom- 
ic number. Such steps may be expedient for in- 
terpolation amongst the data set, but the pa- 
rameterization may lead to conflicts with other 
data. 

The x-ray microanalysis literature contains 
many different equations or parameter values 
that have been proposed to represent ionization 
cross-section data.’~* Many of these equations 
were proposed when the available cross-section 
data literature was much smaller than it is 
now. These equations should not be used unless 
they have been validated for particular condi- 
tions. 

Information is given above on situations 
where the Bethe equation can be used. The em- 
pirical equations for K-shell ionization devel- 
oped by Casnati et al.?? and Jakoby et al.?* 
appear to be suitable for x-ray microanalysis. 
The formula developed by Gryzinski*" from clas- 
sical theory fits a wide range of cross-section 
data except close to threshold (U < 4). The 
cross sections calculated by Scofield*® for K- 
shell and L-shell ionization appear to be use- 
ful for relativistic energies. A compilation 
of measured K-shell ionization cross sections 
has been recently published by Long et al.** 
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¢(oz) DETERMINATION FOR ADVANCED APPLICATIONS OF ELECTRON PROBE MICROANALYSIS 


Peter Karduck, Norbert Ammann, and W. P. Rehbach 


Electron probe microanalysis (EPMA) has devel- 
oped to a versatile technique for the quantita- 
tive analysis of microvolumes in solids. Par- 
ticularly in the last ten years, important 
progress in the accuracy of quantification, as 
well as in the variety of possible applica- 
tions, has to be noted. For example, the ma- 
trix correction techniques have been improved 
significantly by the introduction of new models. 
Although the application of EPMA to thin-film 
analysis had been proposed very early, it could 
only really be translated into practical quan- 
titative analysis in recent years. In all cas- 
es, these developments have been supported es- 
sentially by systematic investigations of 
(pz), the so-called depth distribution of gen- 
erated x-ray intensities, and by the introduc- 
tion of new and improved analytical expressions 
to describe ¢{pz} as accurately as possible. 

From the beginning of EPMA, it was under- 
stood and accepted that the knowledge of $(pz) 
was the essential key to an accurate matrix 
correction. Nevertheless, for more than 20 
years rather simple and crude models for $(pz) 
have been used for the absorption correction 
because at that time most of the x-ray lines of 
the light elements suffering high absorption 
could be barely analyzed. With the increasing 
efficiency of microprobe analyzers, the demand 
for better and more correct $¢(pz) models in- 
creased and diverse attempts of ¢(pz) determina- 
tions were initiated. 

The present paper is a short review of several 
techniques of experimental $(oz) determination. 
The suitability of Monte Carlo simulations for 
the calculation of ¢{oz) is discussed and the 
results of both techniques are assessed as to 
their reliability. Finally, possible require- 
ments on future ¢({oz)} studies are discussed 
with respect to new applications of ESMA such 
as quantitative thin-film analysis and others. 


Signtftcance of (pa) for Quantitative EPMA 


Definttton of (oz). In the literature, 
6(pz) is denoted as the depth distribution of 
x-ray production excited by a monoenergetic 
electron beam in a solid target. Following the 
definition of Castaing and Descamps, * d(oz) de- 
scribes the x-ray intensity generated in an in- 
finitesimaly thin depth element between oz and 
oz + doz, normalized by the intensity emitted 
from a thin unsupported film of the same mater- 
ial with the same thickness doz. 

This definition can be generalized if the 
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distribution of the primary electrons is re- 
garded as stationary inside the excitation 
volume.? With this stationary electron distri- 
bution N(E,oz), with E as the corresponding en- 
ergy of each electron in the depth pz, the 
relative intensity emerging from depth ozj is 


Ey 


(023) = T—tRay_ f Op ENE 02 DEE () 
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The intensity from the infinitesimally thin 
tracer is represented in this equation by 
Qni(Eo), i-e., the ionization cross section of 
the shell with quantum numbers n and 1. Since 
the ionization cross section depends only on 

the primary electron energy Eo and the critical 
excitation energy En}, N(E,9z) describes the 
effect of the target composition as weli as 

that of Eg on the depth distribution of gener- 
ated x-ray intensities. The concentration of 
the ionized element in question is only in- 
cluded implicitly in N(E,pz). Similarly, ¢(p2z) 
can be defined for compounds or alloys: N(E,pz) 
gives the effect of the target composition cj 

on the depth distribution, whereas Qn] is not 
(or only slightly) dependent on cj1.3 From here, 
it easily follows that in the case of stratified 
specimen, Eq. (1) is also valid; in this case 
N(E,pz) contributes the effect of rapid changes 
of the compositions cj(pz) at interfaces. But 
o(oz) shows no steps at interfaces, although the 
concentration profile cj(pz) may change gradual- 
ly. That is the case only for the depth distri- 
bution cQ(Eo)¢(pz) of the generated intensity. 
Furthermore, it can be deduced that ¢(pz)} also 
exists for the characteristic radiation of an 
element that is not present in the target. 

Thus it seems reasonable to denote ¢(pz)} also 

as an ionization probability. 


Rote of ¢(pa) in Quantttattve EPMA. From 
the definition of ¢(pz), a full matrix correc- 
tion of EPMA data (except fluorescence effects) 
can be calculated if reliable data for ¢(0z) 
are available for the whole range of experimen- 
tal conditions and possible sample composi- 
tions. 

For example, the atomic number effect, i.e., 
the ratio of the generated x-ray intensity in 
the unknown to that in the corresponding stan- 
dard, can be calculated for both from the in- 
tegrals of $¢(pz), which by definition also in- 
cludes the intensity loss due to electron back- 
scattering. But following historical develop- 
ment, ¢(oz) was first applied exclusively to 
the correction of the absorption effect, i.e., 
different degree of absorption of the respec- 
tive radiation in the unknown sample and in the 
standard.’ In this application, only relative 


o{pz} values are needed for the calculation of 
the absorbtion factor f(x) given by 


co co 
E(x) = J $(pzjexp(-xez)doz/ J $(pz)doz (2) 
where x = (u/p)/sin 9, u/p=mass absorption 
coefficient, and 6 = take-off angle. Never- 
theless, as the absorption correction considers 
the ratio f(x)unknown/f (x) standard, a knowledge 
of ¢(0}), the so-called surface ionization, as 
well as the precise description of $({pz) with 
depth, are basic prerequisites for a good cor- 
rection of medium-to-strong absorption effects. 
Therefore, models based on simplified expres- 
sions for $(pz) clearly fail in this range.*?° 


Determination of (pa) 


Direct Experimental Techniques. (a) Tracer 
technique. The first experimental determina- 
tion of ¢$(pz) was made by Castaing and Des- 
camps.* They used the so-called sandwich-sam- 
ple technique, as described schematically in 
Fig. 1, in which a thin tracer of element B is 
deposited at various depths of a matrix element 
A by an appropriate evaporation technique. The 
characteristic x-ray intensity of element B 
from the various depths of the tracer can be 
measured and transferred into the intensity 
generated from depth pz; by correction for ab- 
sorption by the factor exp(xyo2;). By relating 
these intensities to the intensity emitted from 
the same but unsupported tracer one obtains the 
absolute depth distribution of x-ray production 
(ionizations) according to the definition given 
above. It follows that $(0) is always larger 
than unity, due to the additional ionizations 
produced in the surface layer by backscattered 
electrons. Castaing and Descamps produced a 
series of reliable {pz} curves for Al, Cu, and 
Au matrices and calculated the absorption fac- 
tors f(x}. Later, other authors adopted this 
method of using tracer and matrix materials 
with closely matching atomic numbers to study 
mainly the absorption effect.°~® Beginning in 
the early 1960s some authors successfully ex- 
tended this tracer technique for tracer and ma- 
trix elements to a wider range of atomic nun- 
bers Z in order to study the atomic-number ef- 
fect as well.°"17 If tracers of identical 
thickness of one element Z are combined with 
matrices of different atomic numbers, the mea- 
sured $(pz) curves show differences in the 
shape and as well as in the magnitude of the 
integral over $¢{pz) (total intensity generated) 
for various matrix elements. These changes 
could be attributed to differences in backscat- 
tering, stopping power, and electron scatter- 
ing. An example is given in Fig. 2, in which 
the (pz) curves for B; La are shown for various 
matrix materials at 25 keV. The experimental 
data from Brown and Parobek are compared with 
MC results from the model of Ammann and Kar- 
duck,? and show satisfactory agreement. 


(b) The wedge specimen techntque. A slight- 
ly different approach was proposed by Schmitz et 
al.'? and has been pursued by Biichner.?* These 
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authors used a shallow wedge-shaped tracer 
(3-5°) deposited on a matrix of an atomic num- 
ber lower than that of the tracer (SZ = 1) to 
avoid characteristic fluorescence. Measure- 
ment of a characteristic x-ray line of the tra- 
cer along a line across the wedge as a function 
of distance x yields the integral of 

(pz) exp{-xpz) as a function of the wedge 
thickness pz. Differentiation of the integral 
curve then yields the normalized depth distri- 
bution $(0z)/F(x), where F(x) equals the nu- 
merator in Eq. (2). This technique is illus- 
trated in Fig. 3. BUchner and Pitsch used 
these ¢(pz) experiments to propose their own 
absorption correction model, which (like the 
simplified model of Philibert) fails for 
strongly absorbing systems, mainly because of 
its very crude representation of the depth 
distribution and because the model sets $6(Q) = 
0. 

The advantages of the wedge method are pos- 
sible use of alloys as tracers and the fairly 
good determination of tracer thickness by means 
of the precisely known wedge angle. But the 
following drawbacks of the wedge technique more 
than offset the advantages: restriction to 
tracer and matrix materials of similar Z, and 
difficulties in the accurate determination of 
$(0). 


(c) Tracer technique applted to soft x rays. 
The tracer experiments reported up to 1985 had 
Si Ka as the lowest x-ray energy and the mini- 
mum primary electron energy Ep was 6 keV. 

Thus there was still a lack of $¢(pz) data for 
soft or even ultrasoft x rays like B to 0 Ka 
lines, which are needed for a further optimiza- 
tion of existing $(pz) expressions for use in 
matrix correction procedures.?° Karduck and 
Rehbach'®:?? were the first to carry out an ex- 
tensive investigation devoted to ¢(pz) of 

x-ray lines with critical energies E, below 1 
keV. They also used the tracer technique, 
which in the case of soft x rays raises partic- 
ular problems for the experimenter: 


@ due to high absorption of the lines in 
use (B to 0 Ka lines, L lines of Ti to Co) in 
almost all matrix materials and with regard to 
their low x-ray yield accurate intensity mea- 
surements could only succeed for absorption co- 
efficients of the matrix material of much less 
than 10 000 cm?/g 

@ the maximum depth from which x rays are 
Still detectable with sufficient confidence is 
limited by strong absorption to 200-300 um/cm?/nug 

@ to satisfy the condition that tracer 
thickness should be thin enough so that no sig- 
nificant electron scattering takes place in it, 
tracers of 2.4-5.8 ug/cm? were used, which in 
any case yield only low intensities 


All these negative factors required a very 
accurate specimen preparation and microprobe 
measurements with long counting times. The 
authors applied four independent techniques to 
determine the thicknesses of tracer and matrix 
layers giving only deviations of less than 
5%.+® Some examples of their results are 
shown in Figs. 8-11 and are discussed later. 
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FIG. 1--Schematic representation of tracer technique for ${pz) determination. 
FIG. 2.--Experimental ¢(oz) data for Bi La in various matrices at 25 keV showing effect of atomic 


number ;” comparison with Monte Carlo results. 


FIG. 3.--Wedge specimen technique, schematic presentation of resulting ¢(pz). 
FIG. 4.--Parabolic $¢(pz) model according to Pouchou and Pichoir.? 


A Combined Technique to Determine (pa) In- 
directly. In the following the well-known and 
established model of Pouchou and Pichoir 
(called PAP) for the "ZAF'" correction of bulk 
as well as stratified samples shall be examined 
from a somewhat different point of view.*° Aim 
ing to establish anew, more versatile matrix cor- 
rection procedure, the authors carried out an 
extensive investigation of $¢(pz). Their model 
was conceived not only as an operative matrix 
correction procedure, but also as a tool for 
the investigation of mass absorption coeffi- 
cients, especially of stratified specimens. To 
achieve this goal, the "heart" of the model had 
to be a $(pz) description as realistic and re- 
liable as possible with a good parameterization 
of the form of ¢(oz) and the condition of pro- 
viding first of all correct values of the gen- 
erated primary x-ray intensity. In other words, 
Pouchou and Pichoir strictly obeyed the defini- 
tion of Castaing and Descamps that the integral 
of o(oz) equals the total generated intensity. 


23 


It is astonishing that the PAP model was the 
first strictly to obey this condition; none 

of the existing ¢(oz) models up to that time 
did so, not even the Gaussian ¢({pz) model of 
Packwood and Brown, although it calculates 
both the absorption and the atomic-number cor- 
rection from its mathematical parameterization 
of $(pz).?° As a mathematical expression, 
Pouchou and Pichoir chose a very simple and 
flexible combination of two parabolic branches 
with a common point of equal value and slope at 
a certain mass thickness, as shown in Fig. 4. 
The conditions for the parameterization were: 


@ the integral has to be equal to the total 
generated primary intensity 

e@ at the surface ¢ must be the surface 
ionization function ¢$(0) 

@ the maximum of > must be positioned at a 
certain depth 

@ the curve must become zero at a certain 
value for the maximum range of ionization 
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FIG. 5.--¢(9z} of Cu Loa in carbon and gold at 
10 keV. 
Carlo results. 

To fulfill all these conditions the authors 
used a variety of data for several purposes: 


@ $(pz)-distributions obtained by the tracer 
technique and Monte Carlo simulations, both to 
find a good fit for the shape of ¢o(pz) at all 
boundary conditions 

® measurements of intensities or k-ratios at 
variable Ep (electron energy) from known speci- 
men or layers of known compositions and thick- 
ness on known substrates, first to find an accu- 
rate expression for the total generated intensi- 
ty and second to normalize $(oz) to this value 
for both bulk and layered samples 

@ further analysis data from binary specimen 
have been used to optimize the performance in 
matrix correction 


With this extensive set of data, Pouchou and 
Pichoir elaborated a consistent description of 
¢(pz), as demonstrated by the authors with many 
examples comparing experimental data with those 
calculated by the PAP model. Figure 5 shows 
Monte Carlo results of Ammann and Karduck? com- 
pared with ¢(oz) curves calculated by PAP. In 
both cases, excellent agreement is found. 
Therefore it seems to classify the work of Pou- 
chou and Pichoir as a useful technique for the 
indirect determination of realistic $(9z) 
values. 


(pz) Determtnation by Monte Carlo Simulation 
of Electron Trajectortes. A Monte Carlo tech- 
nique simulates three-dimensional electron tra- 
jectories of parallel incident primary electrons 
in a sample. The solid target is treated as a 
body with a density p and randomly distributed 
atoms. Each electron trajectory itself is di- 
vided into several straight-line segments, i.e., 


Results of PAP model compared with Monte 


free paths of the electron between two colli- 
sions. Random numbers are used to select the 
particular scattering angle of each elastic 
collision or the energy loss after an inelastic 
collision according to equations describing the 
appropriate probability distributions. The 
main application of Monte Carlo simulations is 
to calculate data that are quite intractable 

by analytical solutions and by experimental 
treatment. To achieve good results for micro- 
scopic quantities (like x-ray data or values 
for backscattered or transmitted electron in- 
tensities) with statistical confidence, large 
numbers of individual trajectories must be cal- 
culated. 

It is not the intent of this paper to review 
the development of Monte Carlo simulations in 
EPMA. A large body of literature deals with 
this topic with respect to a variety of pur- 
poses, including x-ray generation, and summa- 
rizes the development of about 20 years.'°*?° 
Surprising that the examination of the litera- 
ture shows that only a few investigations were 
aimed at the systematic collection of $£oz) 
data for EPMA. Most of the reported research 
deals with the details of optimizing the basic 
concepts of the simulations, The results are 
usually examined by comparison with experimen- 
tal electron backscatter or transmission data, 
with f(x) values, and to a minor extent with 
o(pz) data. For the quantification of x-ray 
data, MC simulations were of use mostly as a 
rough guideline for the modeling of ${pz) so 
as to give the tentative behavior of ¢(oz) with 
changing electron energy Ey, excitation energy 
En], Or atomic number Z of the target. For ex- 
ample, Love et al.** did so to obtain data for 
the mean depth of x-ray generation used in 
their absorption correction model.?? 

All MC models that need muitiple scattering 
approaches, or screened Rutherford cross sec- 
tions, for eleastic scattering provided $(pz) 
results with deviations from experimental data 
too large for quantitative purposes. As an 
example, in 1972 Shimizu et al.?* applied their 
MC model to the quantitative EPMA of various 
binary aluminum alloys with fairly high absorp- 
tion corrections for Al Ka. Their results be- 
came very unsatisfactory with an increasing ab- 
sorption correction, indicating uncertainties 
in the ¢(9z) predictions by their MC model. 
Krefting and Reimer** have improved the agree- 
ment of MC data with experiment greatly by in- 
troducing Mott elastic cross sections ina 
single-scattering approach. They also treated 
the energy loss partly in a single-scattering 
mode by using the theory of Gryzinski for the 
differential cross sections.** In so doing, 
they could improve two shortcomings of the for- 
mer models. The poor approximation of elastic 
scattering by Rutherford cross sections affect- 
ed the results, particularly in the energy 
range of importance for EPMA and particularly 
for heavier elements. As demonstrated in Ref. 
24, ¢(0z) data of these elements are strongly 
affected.** Second, the effect of electron 
straggling could be considered as well as the 
contribution of fast secondary electrons to 
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backscattering. By a similar model Kotera et 
al. obtained reasonable ${pz) results even for 
low Eg and high atomic numbers. *° Nevertheless, 
remaining discrepancies between their MC data 
and experimental results could not be convinc- 
ingly explained by the authors. The reason 
may be that the extensive set of experimental 
o(pz) data available up to that time has not 
been systematically used to study the perfor- 
mance of existing MC models. The first who did 
so were Karduck and Rehbach,*” using an MC mod- 
el similar to the one of Reimer and Krefting. 
Fairly good agreement between their MC data and 
experimental ¢(pz) data could be found over a 
wide range of boundary conditions, including 
soft x-ray lines like B and C Ka. Nevertheless, 
there were systematic deviations between exper- 
iment and MC, especially at low primary elec- 
tron energies, for several critical energies 
Eni. From their results the authors concluded 
that MC results were to be preferred to experi- 
mental ones for use in ¢{pz) modeling. They 
were able to confirm this conclusion by obtain- 
ing a full agreement between measured and MC- 
determined x-ray intensities at 4 to 30 keV for 
C, Si, Cu Ka and Cu La lines, each from the 
pure element standard. This result shows that 
their MC model produces $(pz) curves close to 
reality for the whole range of Eo. 

In the present paper several results of $(pz) 
determinations are compared with those of a new 
MC model presented by Ammann and Karduck in 
this volume.? This model is an extension of the 
previous one, which now considers multielement 
samples with up to 20 elements as well as lay- 
ered structures. The details of the model can 
be summarized as follows: 


® single-scattering model for 9 > 10° with 
Mott cross section according to the tabulated 
values of Reimer and Ludding*®; interpolation 
between tabulated values for variable energy 
and atomic number 

@ multiple scattering for 6 < 10° 

® to obtain a consistent model the differen- 
tial Gryzinski cross sections’> have been cor- 
rected by <dE/ds>pothe/<dE/ds>Gryzinski to give 
the mean energy loss acccrding to Bethe 

@ single inelastic scattering for energy 
loss E > Ey, + 200 eV are simulated based on 
these differential cross sections 

@ the residual energy losses are treated as 
continuous according to Bethe 

@ the ionization cross sections are also cal- 
culated on the basis of the corrected inelastic 
cross sections of Gryzinski 


This procedure thus introduces the consider- 
ation of the conservation of energy into the 
whole simulation; i.e., the description of en- 
ergy dissipation as well as the conversion of it 
into ionizations and subsequent x-ray emissions 
are obtained from the same theory. 

It was the intention of this work to develop 
a MC model especially for the calculation of re- 
liable x-ray data for boundary conditions that 
do not lend themselves to experimental investi- 
gations. In the following all experimental 
é(pz) results are discussed in comparison with 


MC values obtained by the model of Ammann and 
Karduck.? 


Results 


Verification of the MC Model. Ammann and 
Karduck? have demonstrated the agreement of 
their MC results by means of a variety of ex- 
perimental data. As an example, Fig. 6 gives 
a comparison of MC data for relative intensi- 
ties of C Ka in SiC and Ga La in GaAs with the 
experimental values of Pouchou.”° There is ex- 
cellent agreement over a wide range of Eg from 
2 to 40 keV. Together with similar tests 
based on data from thin layers on substrates, 
the present MC model is shown to produce $(02z) 
data very close to reality, which are certain- 
ly suitable for both optimization of analytical 
expressions for $¢(pz) and for direct applica- 
tion to the correction of atomic number and 
absorption effects. An example of the latter 
is given in Fig. 7 for carbon in carbides ap- 
plied to k-values obtained by Bastin and 
Heijligers at electron energies from 4 to 30 
kev..?° Compared with the result of the $(pz)- 
correction procedure of Bastin and Heijligers, 
the MC-based ZA-correction produces more con- 
sistent and accurate results for SiC and BiC. 


Effeet of Tracer Thickness on Experimental 
o(oz) Curves. Tracer thickness can strongly 
affect the shape of experimental ¢(oz) curves, 
as Castaing and Descamps pointed out in their 
early work.’ This relationship is demonstrated 
quantitatively in Fig. 8 with chromium tracers 
4 and 12 ug/cm? thick, respectively, in an 
aluminum matrix at 12 keV. With the thick tra- 
cer the value of the maximum of ¢(pz) is re- 
duced by more than 10% compared to the curve 
obtained with a thin tracer, whereas the value 
of 6(0) remains largely unaffected. The solid 
line shows the results of an MC simulation that 
matches the experimental values of the thin 
tracer very well.? The reason for the devia- 
tion is that owing to electron scattering in 
the tracer, the intensity from the unsupported 
tracer layer increases the value Q(E,)doz by a 
factor of 1/<cos 68> where <cos 6> is the mean 
angular deflection of the electrons in the tra- 
cer. By relating the other intensities from 
greater depth to that intensity, the curve is 
compressed to lower values. This explanation 
of the effect can be substantiated by Fig. 9, 
in which results of tracer experiments with 4 
ug/em? Cr in Al and 15 ug/cm* Cr in Cu and Au 
are compared with MC results (solid lines). In 
addition, the tracer experiments have been sim- 
ulated by MC with the corresponding tracer lay- 
ers at various depths of the matrix material. 
These results, depicted by the filled symbols, 
are in close agreement with the experimental 
ones, but both deviate strongly from the MC 
results calculated according to the definition 
of ¢(pz) and representing more realistic curves. 
The deviation of the experimental results be- 
comes more serious with increasing Z of the ma- 
trix and obviously with decreasing Ey, as can 
be seen from Fig. 10 for a carbon tracer of 
5-10 ug/cm? (20-40 nm) in a silver matrix. 
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FIG. 6.--Comparison of measured x-ray intensi- 
ties of C Ka in SiC and Ga Lo in GaAs with 

Monte Carlo results. 

FIG. 7.--Results of quantitative carbon analy- 
ses in binary carbides with matrix corrections ?° 
and ZA-corrections by Monte Carlo; solid line 
equals nominal composition of compounds. 

FIG. 8.--Effect of tracer thickness on shape of 
¢(o0z) curves, Cr La in Al, 12 keV; solid line 
gives Monte Carlo results. 


From this behavior it can be concluded empiri- 
cally that the tracer thickness should be less 
than 1% of the electron range at the corres- 
ponding electron energy Ey. But this conclu- 
sion also seems to depend on the difference be- 
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tween the atomic number of the tracer and the 
matrix, as could be concluded from Fig. 9, 
where the effect is stronger for larger dif- 
ferences. 


X-ray Generation of Fast Secondary Elec- 
trons. The probability of fast secondary elec- 
trons (FSE) by ionization is very small. Most 
of the energy losses of the primary electrons 
are below 200 eV. From these circumstances it 
has been concluded in the literature that the 
role of secondary electrons in x-ray produc- 
tion is negligible, except with a low fraction 
at low critical energies E,;. Karduck and 
Rehbach?’ were the first to investigate the 
role of FSE in x-ray production systematically. 
They were able to show, by comparison of MC 
and experimental (oz) data of soft x rays, 
that FSE indeed contribute to the total x-ray 
production, but only in cases where the criti- 
cal excitation energy En] is small. Effects 
could be observed for Eny < 1 keV and at high 
overvoltages. A clear contribution is shown 
in Fig. 11 by comparison of experimental data 
of B Ka in silver with MC data simulated with 
and without secondary electrons. The authors 
also found a marked effect on the surface 
ionization $(0), for which they proposed a new 
expression that takes the contribution of FSE 


into account by introducing a dependence on 
Eny-22?32 


o(pz) of Layered Structures on Substrates. 
Little detailed information is available at 
present about $(o9z) of thin layers or multi- 
layers on substrates, since these data are not 
directly accessible by experiment. A surpris- 
ingly small number of investigations have been 
carried out by MC, most aimed toward the solu- 
tion of specific analytical problems; there 
has been no detailed $(o9z)} investigation by MC 
Simulation. Several authors have carried out 
thin-layer analyses by an MC-based evaluation 
of x-ray data and have achieved reasonable re- 
sults.°*-?* The first detailed study of $(pz) 
of layered structures was carried out by Ammann 
and Karduck? by the MC model briefly discussed 
before. The essential results can be summa- 
rized as follows: $6(pz) curves of x rays from 
layered structures deviate from those of the 
pure layer or the pure target material if the 
atomic numbers of the two differ significantly. 
The changes of $(pz) of layers on substrates 
are somewhat unexpected but may be largely ex- 
plained by the different elastic scattering and 
energy losses in the two materials. Two ex- 
treme examples are shown in Figs. 12 and 13. 
In Fig. 12 ${pz) curves of B Ka in fictitious 
layers of light compounds on a heavy substrate 
demonstrate that the maximum of $(9z) curves 
is the farther shifted toward the substrate the 
smaller the average Z of the layer. With in- 
creasing Z of the layer, as in the case of TiC, 
a new maximum appears in the layers itself. 
This behavior is caused by the "transparency" 
of the light materials due to a small fraction 
of high-angle scattering. Conversely, the 
maxima increase compared with $(pz) of the bulk 
layer material because of extensive electron 
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mass thickness [mg/cm?] keV. Comparison of tracer experiments with 
Monte Carlo simulations. Thickness of Cr tra- 
cer: in aluminum 4 ug/cm?, in copper and gold 
15 ug/em?. 

FIG. 10.--¢(pz) of C Ka in silver at various 
electron energies. Comparion of tracer experi- 
ments with Monte Carlo simulations; thickness 
of carbon tracer 5-10 yg/cm?. 

FIG. 11.--Contribution of fast secondary elec- 
trons to $¢(pz), B Ka in silver, 9 keV; compar- 
ison of experiment with Monte Carlo results. 
FIG. 12.--¢(9z) of B Ka from fictitious layers 
on lead substrate at 10 keV, obtained by Monte 
Cario simulation. 

FIG. 13.--o(pz) of Al Ka from 300nm film of 
aluminum on various substrates obtained by 
Monte Carlo simulation. 
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back diffusion from the heavy substrate induc- Pichoir that the maxima would behave similarly 
ing extra ionizations in the layer, as can be to those in the pure substrates.°° 
seen in the case of B,C. 
Figure 13 gives examples for an aluminum Discusston 


layer on light-to-heavy substrates. The maxima 
behave opposite to those of ${oz) in the pure 
uncoated substrate materials, in which the max- 
ima shifts toward the surface with increasing 
atomic number of the target. This result is in 
contradiction to the assumptions of Pouchou and 


Tracer experiments have been of great impor- 
tance in the development of quantitative EPMA, 
although the experimental techniques are very 
complicated and susceptible to errors. But 
the continuing experimental ¢(pz) work of the 
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last 35 years was the basis for the proposal of 
successful correction procedures like the 
Gaussian $(9z) approach of Packwood and Brown! > 
or the quadrilateral model of Sewell et alg? 


Nevertheless, both models, as well as an attempt 
by Rehbach and Karduck*? to improve the Gaussian 


o{oz) for light-element analysis, needed fur- 
ther optimization treatments by fitting of the 
$(pz) expressions to special data sets of bi- 
nary compounds, as Bastin and Heijligers were 
able to realize for the model of Packwood and 
Brown. °° 

From the results of the present assessment 
it can be assumed that the effect of using tra- 
cers that are too thick has caused systematic 
deviations in the Ey) dependence of the corres- 
ponding parameterizations of ¢{pz). A rough 
estimate reveals that about 20-30% of all ex- 
isting ¢(oz) data is more or less distorted by 
this tracer effect. That is probably the 
reason the model of Packwood and Brown!® had to 
be modified to provide better results.°° A 
similar doubt exists in the case of the absorp- 
tion correction model of Sewell et al.*® Their 
description of the maximum point of $(pz) is 
also related to tracer experiments at low over- 
voltage ratios, which in comparison to MC data 
also suffer from the tracer effect. Unfortu- 
nately these authors gave no values of the tra- 
cer thicknesses used,**so that this dependence 
could not be proved by MC simulations. At the 
moment an improvement of the existing correc+ 
tion models by means of further experimental 
6(ozZ) measurement is not to be expected. But 
the new Monte Carlo approach of Ammann and 
Karduck? promises to be suitable for future 
¢(o9z) investigations. They are to be expected 
in the following fields of application: 


1. Thin-layer and multilayer analysis. The 
strong effect of inhomogeneous compositions of 
stratified samples on $¢(oz) produces unconven- 
tional curves that cannot be parameterized 
easily. There is no other tool for studying 
¢(pz) in such samples but a reliable MC model. 
We may therefore assume that accurate MC simu- 
lations can be used as a routine tool for the 
matrix correction of such complicated samples, 
especially with respect to the increasing com- 
puter capacities. 

2. Analysis of tilted specimens. The im- 
provement of matrix corrections in the case of 
tilted samples also seems to be promising, with 
the aid of MC investigations. The application 
of tracer experiments can be excluded for the 
reasons discussed above. Thus it may be con- 
cluded that direct experimental $(pz) studies 
cannot fulfill the requirements of the future 
applications of EPMA. Nevertheless, the prom- 
ising Monte Carlo model of Ammann and Karduck 
is also suitable for investigating ${oz) in 
samples with complex composition or geometry 
with satisfying results for down to electron 
energies as low as 2 keV. 
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NONRADIATIVE TRANSITIONS IN X-RAY ANALYSTS 


J. L. Labar 


Changes in the measured x-ray intensities 
caused by the presence of nonradiative transi- 
tions are not taken into account in the correc- 
tion procedures used in electron probe x-ray 
microanalysis (EPMA). Of course it is known 
that nonradiative transitions compete with radi- 
ative ones, and they together determine both 
the absolute and the relative intensities of 
the generated x rays.’>»* Textbooks elaborate 
these effects in connection with x-ray excita- 
tion (fluorescence), and introduce the notion 
of "effective fluorescence yield" to describe 
the enhanced absolute intensity of the La 
line.* In the present paper we review for L 
lines which physical quantities are affected by 
the nonradiative transitions, how conventional 
EPMA can be successful without incorporating 
these effects, when the introduction of an ef- 
fective fluorescence yield is an exact solu- 
tion, and in which cases the subshells are to 
be calculated separately and the nonradiative 
transitions are to be explicitly incorporated. 


Absolute X-ray Intensities 


The initial state for x-ray emission is an 
atom ionized in one of its inner (sub)shells. 
Since the lifetime of such an excited state is 
relatively long, excitation and deexcitation 
can be treated separately. Three successive 
steps can be distinguished in that approach. 


1. The beam of primary radiation (e.g., 
charged particles or photons) ionize an atom of 
the sample to be examined. The ionization 
caused directly by an outer particle (without 
the interactions of the bound electrons of the 
atom) will be called direct ionizations. They 
correspond to the ionizations of an atom with 
electronic (sub)shells independent of each 
other. 

2. A rearrangement of electrons and empty 
electron states may occur. Most common of 
these processes is the Auger effect, which 
leaves the atom in a doubly ionized state. 
primary empty state is shifted to another 
(sub)shell with lower binding energy and an 
outer electron is ejected at the same time due 
to the interaction of the electrons of the 
atomic shells. From our point of view, the 
most interesting is the so-called Coster-Kronig 
effect, which denotes a special case of the 
Auger effect. In that case the empty state is 
shifted to another subshell (e.g., to L3) of 
the same shell in which the direct ionization 
took place (e.g., in the Li or Le subshells). 
These indirect ionizations produce empty states 


The 


J. L. Labdr is at the Research Institute for 
Technical Physics of the Hungarian Academy of 
Sciences. 


29 


additional to the directly generated ones. 
That means that when the L, or Ls subshells 
are to be considered as initial states for the 
later x-ray emission, the total number of emp- 
ty states originates from two sources: the di- 
rect ionizations and the indirect ionizations. 
3. The deexcitation of the atom occurs and 
serves to fill the empty state, which is the 
initial state for the x-ray emission under con- 
sideration. The possibility that the deexcita- 
tion may result in an x-ray emission is called 
the fluorescence yield of the (sub)shell. To 
the extent that the above steps can be treated 
separately, the transition rates of both the 
radiative and nonradiative transitions can be 
considered as atomic constants and the total 
number of generated x rays can be computed 
from the ionization possibilities for the di- 
rect ionizations of the various subshelis in a 
straightforward manner. 


For a given ionizing radiation a ratio of 
the total generated x rays to those generated 
by direct ionization can be computed as a func- 
tion of atomic number. This ratio can be re- 
garded as a correction factor necessary to con- 
vert the number of x rays generated directly to 
the number of total x rays. If this correction 
factor were a function of both sample composi- 
tion and experimental conditions, there would 
be no point in this formulation. Figure 1 pre- 
sents the above correction factor for electron 
excitation. Both bulk and thin samples are 
shown for experimental conditions usual for the 
analysis by L lines of elements in the given 
range of atomic numbers. The Coster-Kronig 
rates are taken from Krause and for the single 
electron ionization cross sections that func- 
tional form was selected for all three sub- 
shells as used by Pouchou for the total L 
shell.°*® The relativistic correction depends 
only on the energy of the bombarding electron 
and is independent of the energies of the sub- 
shells. Therefore it affects the ionizations 
of all the three subshells to the same extent 
and consequently does not affect the value of 
the correction factor in Fig. 1. Three con- 
clusions can be drawn from Fig. 1. 


1. The shape of the plot resembles the atom- 
ic number dependence of the f1,3 Coster-Kronig 
rates reflecting the latter's significance in 
the deduction of the correction factor. That 
correction factor is almost independent of the 
type of the sample (i.e., bulk or thin). The 
main factor determining its value for a given 
element is not the thickness of the sample but 
the Ey energy of the primary electron beam 
(and consequently the overvoltage for the given 
element). Because the correction factor is 
practically independent of both sample type and 
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FIG. 1.--Correction factor to convert number of 
direct ionizations to number of total ioniza- 
tions. Enhancement is caused by nonradiative 
rearrangements of electrons. 


composition, it is almost cancelled in the 
course of the calculation of the k-ratio in 
conventional EPMA where standards are used. 

2. For high Eo [e.g., analysis in a trans- 
mission electron microscope (TEM)], the correc- 
tion factor is independent of the excitation 
conditions. It can be seen that no significant 
change in the correction factor appears when Ep 
is increased through the excitation energy of 
the K level of an element. That is so because 
the ionization probability is proportional to 
1/Ec? for electron excitation, where Ec is the 
energy level of the atomic subshell to be ion- 
ized. The independence of the excitation con- 
ditions means that the correction factor in 
Fig. 1, multiplied by the fluorescence yield 
for the Lz; subshell, can be treated as an effec- 
tive fluorescence yield and there is no need 
for the separate computation of the ionizations 
of the three subshells. 

3. It is absolutely necessary to compute the 
direct ionizations of the three L subshells 
separately and calculate the total number of 
generated x rays from them by use of the Coster- 
Kronig rates as weight factors for the summa- 
tion if standardless analysis is performed with 
low overvoltage for at least one element of the 
sample. 


For x-ray excitation, the introduction of an 
effective fluorescence yield is also correct if 
the energy of the primary x-ray photon is be- 
tween the energies of the K and L; levels of 
the atom.* These effective fluorescence yields 
(rather than the normal fluorescence yields) 
are to be used in the calculated secondary x-ray 
intensities; that applies to both x-ray fluores- 
cence analysis (XRF) and the fluorescence cor- 
rection in EPMA. If the primary photon energy 
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FIG, 2.--Depth distributions of ionizations 
within sample. Distributions of direct ioniza- 
tions of the three L subshells are compared 
with distribution of total ionizations. En- 
hanced intensity in thin layer, used by defini- 
tion for normalization, resolves virtual con- 
tradiction between plots labeled "L,"' and 
"Total." 


is above the K level, a new set of effective 
fluorescence yields must be calculated, because 
the K to L transitions play an important role 
in the indirect ionizations of the L subshells. 
That is so because the ionization probability 
is proportional to Ec? for x-ray excitation. 
Its practical importance is limited by the low 
direct ionization efficiency of the L shell 

for such high primary photon energies. 


Depth Distributton of Generated X Rays 


The probability of ionizations by electrons 
is a function of the electron energy and of the 
energy of the atomic level to be ionized. 

Since the energy of the electrons is changed 
during their course in the sample, the depth 
distribution of the direct ionizations is not 
determined only by the ionization probability 
function, but also by the stopping power of 

the sample and is unique to the subshell. Be- 
cause the nonradiative rearrangements take 
place within the atom, the indirect ionizations 
in the L, subshell happen at the same depths 
within the sample where the direct ionizations 
of the L,; and Lo subshells originally took 
place. Consequently the depth distributions of 
the direct and of the indirect ionizations dif- 
fer from each other. Since the shape of the 
ionization function is a slowly varying func- 
tion of the overvoltage (calculated for a par- 
ticular subshell), the depth distributions of 
ionizations of the three subshells converges 

if Ey is increased, and so the relative dif- 
ferences between the three overvoltages are de- 


creased. It follows that a noticeable devia- 
tion of the three depth distributions is ob- 
served at low primary beam energies compa ed 
with the ionization energies of the L subshells. 
At such an Ey, the depth distribution of the to- 
tal ionizations (to the L,; subshell) deviates 
from the depth distributions due to direct ioni- 
zation (to the L,) only. Figure 2 shows the 
depth distributions of both the direct and in- 
direct ionizations for lead at Ey = 17 keV 

The absolute height of the curves can be mis- 
leading at first sight because the plot of the 
total ionizations is below the plot of the di- 
rect Lz; ionizations and seems to contradict the 
fact that the absolute number of total ioniza- 
tions is higher than the number of direct ioni- 
zations. This virtual contradiction is a con- 
sequence of the definition of the depth distri- 
bution function. That definition contains a 
normalization to the intensity measured from an 
infinitely thin stand-alone layer of the same 
composition as the sample. The virtual contra- 
diction is resolved if the higher normalization 
factor for the total ionizations in that layer 
is taken into account. 

The incorporation of that effect into the 
Monte Carlo calculations of the emitted x-ray 
intensities is anticipated to shift the peak of 
the depth distribution slightly to the surface. 


Sources of Atomte Data 


As far as the K shell is concerned, theoret- 
ical fluorescence yield data are in excellent 
agreement with experimental values and a fitted 
polynomial is available for reliable and quick 
calculation of these data.’?® 

For the L shell ab intttio relativistic cal- 
culations are only partly in agreement with ex- 
perimental subshell fluorescence yield and Cos- 
ter-Kronig transition data.* A semi-empirical 
set of self-consistent tabulated data for the 
same atomic data is generally used, although 
10-20% uncertainties can occur in problem 
areas.’ Fluorescence yields for the L; and L, 
subshells and the f2,,; Coster-Kronig rates are 
measured by the coincidence technique with low 
(one to few percent) uncertainties.*° The un- 
certainties are the worst for the Li subshell 
for which both experimental and theoretical 
problems hinder the determination of the exact 
values.’ It is especially inconvenient be- 
cause contribution from the L, subshell is the 
major factor in the calculation of the x-ray 
intensity modified by the nonradiative transi- 
tions with excitations common in x-ray analysis, 
New experimental data obtained by the synchro- 
tron photoionization technique seem to be the 
most reliable.*+ 

The M shell is even more problematic. Reli- 
ability of subshell fluorescence yields seems 
to be no better than 20%.1* Theoretical calcu- 
lations show that relativistic many-body ef- 
fects play a significant role in nonradiative 
transitions and discrepancies between theory 
and experiment can be as high as 50%.** ?* 
Paucity of reliable experimental data is con- 
spicuous. 


Conc Lustons 


1. The effect of nonradiative transitions 
cannot be omitted if the absolute La x-ray in- 
tensities are to be calculated. The enhance- 
ment due to the Coster-Kronig transitions is 
up to 30%. 

2. The "effective fluorescence yield" ap- 
proach is justified for XRF and for EPMA with 
high Eo, as is usual in a TEM, 

3. Direct ionizations of the three L sub- 
shells are to be calculated separately in or- 
der to incorporate the effect of nonradiative 
transitions if standardless EPMA is performed 
with low Ep 

4. A deviation in the shape of the depth 
distribution for the total ionizations from 
that of the direct ionizations of the Ls sub- 
shell is predicted. Users of Monte Carlo cal- 
culations are encouraged to incorporate this 
effect in order to see a shift of the peak in 
the depth distribution of ionizations to the 
surface. 
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THE APPLICATION OF BIO-STANDARDS FOR ELECTRON ENERGY LOSS ANALYSIS OF BIOLOGICAL MATERIALS 


W. C. de Bruijn and L. W. J. Sorber 


The application of standards, with a known ex- 
ternally determined element concentration, for 
the determination of unknown concentrations in 
cell organelles and tissue is a well-known 
practice in x-ray microanalysis.’~°* The condi- 
tions to be met for a good standard have been 
formulated earlier.” Pure-element standards 
and standards made from PVP-films have been 
proposed for electron energy loss spectroscopic 
(EELS) analysis.*»° In this presentation we 
investigate the use for EELS analysis of Che- 
lex? °°_type ion-exchange beads, which will be 
called Bio-standard. Such Bio-standards have 
been applied successfully for x-ray microanaly- 
sis previously. % 


Expertmental 


Bio-standards can be loaded with a variety 
of cations, The ion-exchange characteristics, 
the methods of loading, and the matrix composi- 
tion have been described previously.” Bio-stan- 
dards are stored as a dry powder ana can be co- 
embedded with the tissue to be analyzed, by 
adding it to the final embedding monomer prior 
to curing. In that way the standard is present 
in each ultrathin section, at an (assumed) 
thickness equal to that of the cells or tissue, 
containing the unknown concentration of that 
element. 

Here we shall concentrate on the aspect of 
the ultrathin-sectioned standard material as 
test material: 


(1) to acquire reliable EELS-spectra; 

(2) to standardize some of the instrumental 
conditions; 

(3) for the implication of a computer pro- 
gram for EELS analysis; 

(4) to calibrate EELS-spectra; and 

(5) to compare fitting programs. 


The electron microscope is a Zeiss EM902, in 
which the photomultiplier is coupled, via a 
selector, amplifier, and analog/digital con- 
vertor toan Olivetti M280 AT-type computer. 
This acquisition chain is shown schematically 
in Fig. Ls 


Results 


In Fig. 2(a) part of a spectrum is shown 
from a cerium-containing Bio-standard showing 
the M,,5 edge at 883 eV. In Fig. 2(b), the 
first derivative is used to find objectively 
the ionization edge, indicated by the vertical 
jine. The dotted horizontal line above the 


The authors are at the AEM-unit, Clinical 
Pathology I, Erasmus University, Medical Fac-~ 
ulty, P.O. Box 1738, NL-3000 DR Rotterdam, The 
Netherlands. 


base line is 3x standard deviation. In Fig. 
2(a) a curve-fitting procedure is shown, 

known as the two-area method, which is applied 
to the 100eV-wide pre-ionization zone accord- 
ing to Egerton.® In Fig. 3(a) the total spec- 
trum of this cerium Bio-~-standard is shown from 
100 to 1100 eV. In Fig. 3{a) another fitting 
procedure is applied to the same My,s5 preioni- 
zation region, the so-called Simplex method.’ 
After extrapolation beyond the edge, which is 
shown by the dark area, the Ip-part of the 
spectrum is subtracted; the resultant edge is 
shown in Fig. 3{b). In the meantime the ratio 
Iy/IB or Iy/(Im + 1B) is determined for a 50eV 
range beyond the edge. 

This procedure is repeated twice to cali- 
brate the spectrum, once at the ionization 
edge of carbon, where the first derivative is 
used to find the edge (284 eV), shown in Fig. 
4(a); and once in the region of the cerium 
Ny,5 edge (at about 120 eV, not shown). In 
Fig. 4(b) the resultant carbon edge is shown 
after subtraction of the extrapolated back- 
ground (Ig). 

Fitting procedures are similarly applied to 
iron-containing Bio-standards (11.5wt%) and 
calcium-containing Bio-standards (6.13wt%) 
leading to similar ratios for I,/(IL + Ip) for 
iron and calcium. 

In Figs. 5 and 6 the ratios are called rela- 
tive concentrations. In these two figures re- 
sults are accumulated in which the influence of 
the application of the two fitting procedures 
mentioned above (two-area or Simplex method) 
are applied to a set of Bio-standard-spectra 
from 25 cross sections in one ultrathin section 
and acquired with three different objective- 
lens diaphragms installed (30, 60, and 90 um). 
The columns represent the mean values, the bars 
the standard deviation. 

Results from experiments in which (with the 
use of spectra from the calcium Bio-standard) 
10 cross-sectioned beads in one section are 
measured in five time sequences to show the in- 
fluence of mass loss expressed as the Ij;,/Ip 
ratio changes are given elsewhere.® 

It is evident that by application of cross- 
sectioned standards of known externally deter- 
mined concentration of the element involved in 
the tissue (in this case, by neutron activation 
analysis), quality EELS-spectra are acquired 
for multiple purposes. 
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FIG. 1.--Schematic representation of spectrum-acquisition chain connecting Zeiss EM902 to 
Olivetti M280 computer. 


FIG. 2.--Two phases of spectrum processing according to the two-area method: (a) rough Ce-stan- 
dard spectrum, 2(b) first derivative to find ionization edge, 

FIGS. 3 and 4 demonstrate the use of a large spectrum for calibration: 3(a) at Ce (M4 5) edge; 
3(b) after fitting according to Simplex method and subtraction of background (Ip) 4(a) fitting 
at carbon edge; 4(b) subtracted spectrum. 

FIGS. 5 and 6 show the variation in the relative concentration when both the fitting procedure 


and the objective-lens diaphragm are changed during acquisition of 25 Ca or Fe Bio-standard 
cross sections in one ultrathin section. 
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EXELFS STUDIES OF CARBON FIBERS 


V. Serin, K. Hssein, G. Zanchi, and J. Sévely 


The present developments of electron energy loss 
spectroscopy (EELS) in the microscope allow the 
spectra and their different complex structures 
corresponding to inner shell electron excita- 
tion by the incident electrons to be recorded 
accurately.? Among these structures, the ex- 
tended energy loss fine structures (EXELFS) are 
of particular interest. They are equivalent to 
the well-known EXAFS oscillations widely pro- 
cessed in x-ray absorption spectroscopy.? Due 
to the specificity of EELS, the Fourier analy- 
sis of the EXELFS signal appears to be a prom- 
ising technique for the characterization of 
composite materials, the major constituents of 
which are low-Z elements. By processing the 
EXELFS signal, we have studied the microstruc- 
ture of carbon fibers. This analysis is per- 
formed beyond the carbon K edge, which appears 
in the spectra at 285 eV. The purpose of the 
paper is to compare the local short-range order, 
determined in this way for various types of 
high tensile strength (HTS) and high modulus 
(HM) carbon fibers. 

Since 1970 the carbon fiber has come into 
the spotlight as a reinforcing constituent in 
composite materials for structural usage. Im- 
aging by electron microscopy (high-resolution 
or moiré figures) has shown the structural dif- 
ferences between high tensile strength and high 
modulus carbon fibers.*** From these studies, 
models for the microstructure of these two 
kinds of fibers have been proposed. High modu- 
lus carbon fibers are made of basic structural 
units, which are almost isometric in shape but 
folded and entangled parallel to the fiber axis. 
Their diameter varies from 20 to 70 nm and 
their radius of curvature can vary from 2 to 13 
nm. In the case of high tensile strength car- 
bon fibers, the aromatic structural units are 
less than 1 nm in size. They are associated 
edge to edge in parallel to form larger wrin- 
kled aromatic sheets. The sheets are crumpled 
parallel to the fiber axis and their folds are 
entangled.* Elemental characterization of the 
fibers has shown that high tensile strength 
properties are closely connected with strong 
bonding between aromatic structural units in- 
side the basic planes.” This bonding is 
achieved during the processing route of the car- 
bon fibers and is due to nitrogen release. On 
the contrary, the high modulus properties of 
carbon fibers are related to sufficient bond- 
ing between aromatic sheets, which is to say 
between basis planes. By using EXELFS tech- 
nique, we have tried to evaluate the local 
short-range order in the two kinds of fibers 
and its connection with their mechanical prop- 
erties. 

The authors are at CEMES LOE, BP4347, F-31055 
Toulouse Cédex, France. 
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Experimental 


Within the dipole approximation appropriate 
to this case, the analytical expression de- 
scribing the extended fine structure due to the 
backscattering of ejected electrons from near- 
neighboring atoms can be written in the same 
way as for EXAFS:° ° 


N. 2R. 
x(k) = 5 exp (-20%k?) exp | 
> 1£;(7,k)| sin[2kR, + 6(k)] 


where k is the magnitude of the ejected core- 
electron wave vector; Rj the distance from 
atoms in the jth shell to the central atom; Nj 
the number of atoms in this shell at the radius 
Rj; 04% the mean-square amplitude of displace- 
ment due either to thermal motion or to disor- 
der; 4 the mean-free path of the ejected elec- 
tron; and ¢(k) the ejected electron wave phase 
shift due to both the excited atom and the jth 
backscatterer. 

For the processing of the spectra, it has 
been shown that this equation is accurate only 
up to the thickness t/Ap < 0.3 (where t is the 
thickness of the sample and iy is the mean 
free path for inelastic scattering of the inci- 
dent electrons in the sample).? Beyond this 
value, due to multiple scattering effects of 
the electrons in the sample, the shape of the 
characteristic excitation profiles changes 
when the thickness t increases. 

Thin sections of carbon fibers were observed 
with a Philips EM 400% microscope equipped 
with a VG (ELS 80) electron spectrometer used 
in the sequential mode. In the case of 100- 
120keV incident electrons, Ay is of the order 
of 100-150 nm. That means a 30-50nm maximum 
thickness for the specimen. Such thin sections 
are obtained either by ultramicrotomy of fibers 
correctly embedded in an epon resin or by 
grinding. The thickness of the sample was ac- 
curately controlled by modeling of the EELS 
spectra.?° 

For the studies on the carbon K 
associated spectra are recorded in 
700keV energy loss range (Figs. la and 2a). 
The treatment of the EXELFS signal requires a 
sufficient signal-to-noise ratio (SNR), which 
is achieved with a counting rate higher than 
10 000 counts per channel. In the energy loss 
range in question, the spectra are recorded 
with a 0.2s per channel counting time. The 
probe size of the electron beam on the sample 
(30 nm) defines the selected area. The accu- 
racy of the analysis in distance is about 
S x 10°* nm; this value is mainly limited by 
the [3.6,9]A7? k window range. 
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FIG. 1.--(a) Carbon K edge at 120 kV with high modulus GY70 carbon fiber; (b) EXELFS modulations 
x(k} multiplied by k; (c) corresponding RDF. Values are not corrected for phase shift, which is 


0.36 K for C-C spacing. 
FIG. 2.--(a) Carbon K edge at 120 kV with high tensile strength Courtaulds HTS carbon fiber; 


(b) EXELFS modulations X (k) multiplied by k; (c) relative RDF. Values are not corrected for 
phase shift, which is 0.36 A for C-C spacing. 
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TABLE 1.--Radial distances R; deduced from 
EXELFS treatment on carbon K edge obtained with 
pyrographite, high tensile strength carbon fi- 
bers, and high modulus carbon fibers. Results 
are compared with theoretical distances in 
graphite; (these distances are corrected for 
phase shift value, 0.36 A). 


a 


Theoretical R«A)] 142 | 245 | 285 3 35 
NyR2 | 149 | 099 | 037 | 009 | 068 
ee, 1 Se Se ke ee o| 


grap hite a “ 


b 

High modulus carbon fibers 

M40 149 +235 2 87 3 61 
P100 152. 230 2 88 3 59 
GY70 149 233 2 88 3 63 
Endo 150. 225 2 84 351 
Teijin [144 =221 2 86 3 68 


Table 1 
Results and Dtseusston 


In a first step, the EXELFS technique was 
applied to samples of cleaved monocrystalline 
pyrographite. The results of the EXELFS treat- 
ment were compared to the theoretical inter- 
atomic distances of the hexagonal structure of 
graphite (Table la). In the radial distribu- 
tion function (RDF) of the pyrographite, four 
maxima appear at 1.42, 2.20, 2.88, and 3.60 A. 
These values are corrected for a 0.36 A phase 
shift value, obtained from the calculations of 
Teo and Lee in the [3.6,9]A°? k window range.*? 
These maxima can be associated with four inter- 
atomic distances: three inside the 0002 plane 
for the 1.42, 2.45, 2.85 A distances and one at 
3.63 R between 0002 planes. However, due to 
its small coordination number, the 3.35 Raise 
tance is not resolved. These results confirm 
that the hexagonal structure of graphite is re- 
covered by the EXELFS technique. 

The experimental phase shift value confirms 
the theoretical calculations of Teo and Lee for 
carbon. From these conclusions, it looks worth- 
while to extend the technique to more complex 
carbon structures, such as that observed in 
carbon fibers. The results are given in Table 
1, and can be related to the mechanical proper- 
ties of the fibers given in Table 2. 

In HM carbon fibers (Fig. 1 shows the treat- 
ment on the GY 70 carbon fiber) four major con- 
tributions in the RDF are measured for the M40, 
P100, GY 70 and Teijin carbon fibers (see Table 
lb). As compared to the hexagonal structure of 
graphite, the first three values can be attrib- 
uted to distances between atoms inside the 0002 
plane (1.42, 2.45, and 2.85 A). As to the 
fourth distance, it can be identified with an 
interlayer spacing contribution (distance at 
3.36 R in graphite). This result reveals a 
quite closed-packed structure, the local order 


oT 


TABLE 2,.--Comparison of mechanical properties 
of sampling of carbon fibers. 


Fibers Tensile Strength 
| (gfem3) | (Gpa) (Gpa) 
Toray M40 | Pan-Based [1.81 [392 2.74 
Union Carbide P100 | Pitch-Based {2.15 [724 | 2 
Celanese GY70 | Pan-Based | 1.96 | 517 1.86 
Endo (experimental fiber) [Ex-benzéne | - |= - 
Teijin | Pitch-Based | __2.16 | 650_| 5.85 
Toray 1000 | Pan-Based {1.82 [294 | 7.06 
Courtaulds HTS | Pan-Based [1.82 [237 __| 2.99 
Toray 300 1700° [ Pan-Based | - | - : 
Union Carbide P25 Pitch-Based| 1.90 | 160 _ 1.40 


Table 2 


tending toward the three-dimensional organiza- 
tion of graphite. The interlayer bonding due 
to the 7 electrons is consistent with the high 
modulus properties of this type of fiber. 

In the case of HTS carbon fibers: T1000, 
Courtaulds HTS and T300 1700° (Table 1c), only 
three major contributions are deduced from the 
processing of the EXELFS modulations; an exam- 
ple corresponding to the treatment of Court- 
aulds HTS fiber is shown in Fig. 2. As for 
the HM fiber, these values correspond to the 
first three interatomic distances between the 
atoms inside the 0002 plane. In that case, 
due to a higher spacing, the interlayer dis- 
tance is not detected. From this result we 
concluded that any interlayer bondings are 
weak or nonexistent, which suggests a two-di- 
mensional structure for this type of fiber. 

This conclusion is confirmed by the results 
on the Toray 1000 carbon fibers. This fiber 
corresponds to a new generation of high tensile 
strength fibers. It is characterized by more 
extended basis structural units, as confirmed 
by the electron diffraction pattern from which 
it is possible to measure the diameter of the 
basis structural units.+* For this fiber, the 
EXELFS treatments show a fourth maximum at 
3.74 R, which corresponds to a distance inside 
the 0002 basis plane (i.e., at 3.76 A in the 
graphite structure). This result reveals a 
two-dimensional order in this fiber with a 
more extended local order inside the carbon 
sheets, consistent with the known structural 
properties of this fiber. The RDF achieved 
from the EXELFS signal is in good agreement 
with the established turbostratic structure for 
these fibers. It also coincides with their 
high tensile strength behavior in connection 
with the weak bondings between carbon sheets. 

In the same way, the results of the analysis 
on P25 carbon fiber can be considered as coher- 
ent with its moderate tensile strength behav- 
ior. They reveal three distances, but with 
about 10% larger values. This finding is con- 
sistent with the poor degree of atomic order in 
this type of fiber. 


ConeLustons 


These studies reveal a systematic difference 
in the stacking of carbon sheets when the struc- 
tures of the HTS and HM carbon fibers are com- 
pared. For the HTS fibers they allow us to char- 
acterize an increase inthe interlayer distance, 


which is in good agreement with the high ten- 
sile strength properties of the fibers. These 
results provide a new example of the potential- 
ities of the EXELFS technique for the structur- 
al investigation of low-Z materials. 
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LITHIUM DETECTION IN ALUMINUM-LITHIUM ALLOYS USING PEELS 


A. R. Wilson 


Aluminum-lithium (Al-Li) alloys are important 
alloys for the aerospace industry because of 
their good strength-to-weight properties. How- 
ever, these alloys suffer from poor short- 
transverse fracture toughness. Segregation of 
Li onto the grain boundaries is one mechanism 
proposed to account for this poor toughness.? 
The present work considers the use of parallel 
electron energy loss spectroscopy (PEELS) for 
quantifying, with high spatial resolution, the 
Li concentrations in these alloys. 


Theoretteal Considerations 


Table 1 shows that the composition of two 
typical Al-Li alloys is around 11 at.% of Li. 
Figure 1 shows a theoretical spectrum for a bi- 
nary alloy of 11 at.% Li dispersed in Al. The 
Li K and Al Lz 3 edges in Fig. 1 were calculat- 
ed by use of Egerton's results based on the hy- 
drogenic model,? as implemented in the electron 
energy loss software developed by Gatan Inc. 
(called "EL/P"), and were then smoothed to sim- 
ulate the finite resolution of the electron en- 
ergy loss (EEL) spectrometer. The detection of 
Li is difficult owing to a combination of fac- 
tors: (1) the very low Li K edge jump ratio in 
Fig. 1, (2) the proximity of both the Al plas- 
mon and Al L,,3 edge, and (3) the deviation of 
the Li K edge from the ideal sharp Fermi step. 
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FIG, 1.--Calculated Li K edge and Al L2,3 edge 
EEL spectrum for 11 at.% Li in Al with edge 
broadening resolution effects included. [Li K 
edge is visible but with very low jump ratio. 


The Li edge is seen more clearly if the sec- 
ond difference of the spectrum is obtained (Fig. 
2) by convolution of the spectrum with a top-hat 
filter. Figure 3 illustrates the effects of 
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TABLE 1.--Nominal compositions of two Al1-Li 
alloys. 


8090 Al-Li Alloy 


Element Weight % Atomic % 
Al 95.42 87.6 
Li 2.5 pin es 
Cu Lo 0.36 
Mg 0.12 0.17 
ZY ie 0.04 
Fe 0.1 0.03 
$i 0:05 0.05 

2090 Al-Li Alloy 
Al 95.0 88.7 
Li oe 10.5 
Cu oes 0.76 
Zr O12 0.05 


various top-hat filter widths on the second- 
difference result for abrupt spectral edges. 
The zero crossings in the second-difference re- 
sult correspond to the edge on-set energies. 

If the top-hat filter width is the same ag the 
resolution of the spectrum the minima on the 
low-energy side of the zero crossing points 
correspond to the energy at which the resolu- 
tion broadened edge commences, which is the 
energy that should be chosen for the determina- 
tion of integrated counts under the edge. 
Choice of a wider top-hat filter does not af- 
fect the zero crossing energy. but does move 

the preceding minimum to lower energy. This 
movement does not affect the integrated edge 
count result since background subtraction. 
gives zero counts in the extra energy region. 
included. Use of a narrower to-hat filter does 
not affect the energies for the zero crossing 
point but broadens the preceding minimum. Thus 
selection of the top-hat filter width is not 
critical for the determination of the energy at 
which edge count integration should commence. 


Experimental Constderations 


Figure 4 shows a spectrum obtained from a 
grain boundary in a 2090 Al-Li alloy. Even 
though the dark-current and readout noise asso- 
ciated with the electron detection system has 
been removed from this spectrum the Li edge 
is still only just visible. Figure 5 is the 
second-difference curve obtained from the spec- 
trum in Fig. 4 and both the presence and posi- 
tion of the Li edge are now more easily deter- 
mined. The presence of Li edges can easily be 
overlooked if these processing steps are not 
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FIG. 2.--Second-difference result for spectrum 
in Fig. 1 showing improved visiblity of Li 
edge. 


Photodiode 


Counts Different Top-Hat Widths 


Resolution limited 
On-set Energy 


Fn 


56 58 60 62 
Energy-Loss (eV) 


FIG. 3.--Examples of effect of top-hat filter 
widths of twice to a quarter of spectrum reso- 
lution on resulting second-difference spectrum. 
Spectra have been vertically displaced. Verti- 
cal dashed lines correspond to Li edge onset 
energy at 55 eV and onset energy after experi- 


mental resolution limiting effects are included. 
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FIG. 4.--Typical spectrum obtained from grain 
boundary in Al-Li alloy that showed Li segrega- 
tion. The x1 spectrum shows saturated zero 
loss peak; Li signal is just visible in x100 
spectrum. Before background and noise subtrac- 
tion, Li edge was even less visible. 
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FIG. 5,--Same spectrum as in Fig. 4 after sec- 
ond difference (top-hat filter) has been per- 
formed. Presence and threshold energy of Li 
edge are much more apparent. 
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FIG. 6.--Low-energy region of Li,CO, spectrum, 
showing clearly visible Li edge, with three 
different background fitting curves. Both 
standard and constrained aE-' curves give poor 
fits, whereas a(E + m)-! + b gives much better 
£ECs 
Photodiode 
Counts 


120K | 


Thick Al Li Specimen 


Multiple 


100K | Piasmon Peaks 


80K 
GOK 
40K 
20K 


20 0 20 40 66 86 100 i20 140 
Energy-Loss (eV} 


FIG. 7.--PEEL spectrum obtained from thick re- 
gion of Al-Li specimen as generally used for 
metallurgical microstructure investigations. 
Multiple energy loss scattering severely 
broadens Al L2,3; edge and masks any Li K edge 
information. 


40 


TABLE 2.--Li concentration with the electron 
beam placed progressively across the grain 
boundary. Specimen 2 is a simple grain bound- 
ary, specimen 1 is on an inclined boundary. 

The plasmon results were obtained from the mea- 
surements of the plasmon peak energy. 


Spec. 2 

Beam Spec. 1 Spec. 2 Li at.% 

Position Li at.% —_Li At.% (Plasmon) 
1 <1 3.1 2 
2 4.0 2.7 0 
3 2.8 2.4 0 
4 3.1 3.9 0 
5 5.0 9.3 0 
6 1.4 S62 12 
7 - 5.0 11 
8 - 0.4 0 


routinely performed. 

Figure 4 also shows that the conditions nec- 
essary to obtain sufficient counts above the 
background noise level in the Li edge often re- 
sult in saturation of the zero loss peak (ZLP). 
Spectral deconvolution to extract the single 
scattering result requires an unsaturated ZLP 
for the determination of the incident electron 
intensity. A suitable ZLP can be obtained by 
scaling of an unsaturated ZLP from a spectrum 
collected with lower electron beam current or 
lower detector integration time but with all 
other experimental conditions the same. 


Coneentratton Determtnattons 


Electrochemically polished Al-Li alloys were 
examined in a cold holder (operating at a tem- 
perature of typically -170 C) in a scanning 
transmission electron microscope operating at 
200kV acceleration voltage. Analyses using 
the techniques above and the standard aE7T 
background fit indicate that Li segregation oc- 
curs in the region of some of the grain bound- 
aries studies. Two examples of these analyses 
are shown in Table 2. The Li concentrations 
obtained are lower than would be expected from 
the nominal concentrations of the alloys. One 
explanation is that the Li is highly concentrat- 
ed onto the thin grain boundary and hence the 
sampling region of around 6 nm diameter in- 
cludes regions of low Li concentration found in 
the precipitate-free zone on each side of the 
grain boundary A simplistic area ratio calcu- 
lation that assumes that the Li all occurs on a 
2nm-wide strip indicates that the Li concentra- 


tion could be underestimated by a factor of 2.5. 


This would adjust the concentrations in Table 2 
to levels above the average bulk levels on the 
grain boundary with the concentration in the 
region next to the grain boundary remaining 
below the average bulk concentration as would 
be expected if the Li is diffusing to the grain 
boundary. 

The possibility of incorrect background sub- 
traction due to the use of an aE~? fit at low 
energies must also be considered. Spectra were 
collected from Li,CO, samples to calibrate the 
Li response and to check the background sub- 
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traction. An example of one of these spectra 
is shown in Fig. 6, together with various back- 
ground fits. The aE~Y fit results in an under- 
estimate of the Li counts giving a Li:C:O ratio 
of 0.8:1:2.9. The good C:0 ratio indicates 
that the standard curve fit is adequate at en- 
ergies above 250 eV. This result implies that 
the Li concentrations determined for the A1-Li 
alloys could be underestimated by up to a fac- 
tor of 2.5 if the standard aE-T background fit 
is used. 

The determination of the background at low 
energy with the aE-T curve constrained to fit 
the spectrum at higher energies results in a |, 
very poor fit to the background for the Li,CO,; 
spectrum in Fig. 6. A more complicated | 
a(E + m)-f + b curve (Fig. 6), constrained to 
fit at higher energies, gives a much better 
fit to the background. The Li:C:0 ratio is inm- 
proved to give 1.5:1.0:2.9 but is still too 
low by 25% for the Li concentration. More work 
on background modeling at low energies needs to 
be done before any reliable quantitative re- 
sults can be obtained. Modeling the plasmon 
peak may lead to better background subtraction 
at low energies and is currently under inves- 
tigation. 


Other Constderattons 


Not all the specimens examined gave measur- 
able amounts of Li. The absence of Li might 
be due to leaching of Li during specimen prep- 
aration since some specimens exhibited signs 
of preferential etching along the grain bound- 
aries, Also, Li diffusion through Al may be a 
problem especially diffusion along grain bound- 
aries to the surface of specimens. Secondary 
ion imaging (SIM) studies* conducted on bulk 
specimens at room temperature over several 
months have shown that Li diffuses readily 
along grain boundaries. The diffusion rate in- 
dicated is of the order of nanometers per hour, 
sufficient to result in redistribution of Li 
in thin (10-30nm) TEM specimens. Some ultra- 
microtomed specimens have also been examined; 
however, they have not shown the microstructur- 
al detail expected with evidence of severe dis- 
tortion around grain boundaries. No Li at all 
was detected in these specimens. 

A further problem with EELS is the need for 
thin specimens to reduce the number of multiple 
energy loss scattering events. It is very dif- 
ficult to obtain images from thin specimens 
with the same microstructural detail as ob- 
served in thicker regions of the specimen. A 
PEELS spectrum obtained from a wide area of a 
thick region of an Al-Li alloy is shown in Fig. 
7. The Al edge in this spectrum is extremely 
broad and the multiple plasmon peak obscures 
the presence of any Li edge.: Such a spectrum 
is not amenable to the current deconvolution 
techniques used to obtain the single scattering 
result. However, measurement of the plasmon 
peak energy can also be related to the Li con- 
centration (strictly true only for binary al- 
loys). 3" The plasmon energy of 14.0 + 0.1 eV 
in Fig. 7 corresponds to a Li concentration of 
9 + 3 at.% for an alloy with a nominal Li con- 


tration of 10.5 at.%. Calibrated measurements 
of the plasmon energy for a spectrum collected 
from a large area not near a grain boundary in 
another specimen gave a Li concentration of 
12.5 + 3 at.%. Measurement of the plasmon en- 
ergy may give better absolute measurements of 
concentration than the edge analysis technique; 
however, the requirements on the spectrometer 
are more stringent with a 0.1 eV shift in ener- 
gy corresponding to a change of 2.6 at.% in the 
Li concentration. This problem may be overcome 
to some extent if curves are fitted to the zero 
loss and plasmon peaks and the peak energy is 
determined by interpolation to a higher resolu- 
tion than the intrinsic resolution of the EEL 
spectrometer. Included in Table 2 are the re- 
sults obtained if this method is applied to the 
same spectra that were used to give the Li edge 
analysis concentrations, collected with 0.2eV 
energy steps and a resolution of around 2.5eV. 
The Li concentrations determined by the plasmon 
technique are not underestimated due to back- 
ground subtraction inherent in the Li edge anal- 
ysis. However, the possibility of underestima- 
tion by a factor of 2.5 on the grain boundary 
due to the finite beam diameter is the same as 
in the Li edge calculation. There is only 
rough correspondence between the plasmon and 
the integrated edge count results; however, the 
technique shows some promise and is also under 
further investigation although it will require 
accurately calibrated energy loss scales. 


Conelustons 


The routine use of dark current and readout 
noise subtraction and the calculation of the 
second difference spectrum greatly enhances the 
chances of observing the Li K edge in EEL spec- 
tra of Al Li alloys. Some success has been 
gained in observing Li segregation to grain 
boundaries in these alloys although the abso- 
lute quantitation is unsure owing to inadequate 
background models at low energy losses. Mea- 
surement of the plasmon peak energy may offer 
an alternative method for determining Li con- 
centrations, especially for thick (> 30nm) re- 
gions of a specimen. 
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2 
Electron Energy Loss Spectrometry 


PARALLEL DETECTION OF ELECTRON ENERGY LOSS SPECTRA IN DIRECT MODE 


Eckhard Quandt, Stephan la Barré, Andreas Hartmann, and Heinz Niedrig 


Due to the development of cellular semiconduc- 
tors--e.g. charge coupled devices (CCDs) or 
photodiode arrays (PDAs)--the parallel detec- 
tion of electron energy loss spectra (EELS) has 
become an important alternative to serial reg- 
istration because of the improved detection ef- 
ficiency. In designing a detection system one 
has to consider indirect or direct exposure 
with both types of arrays. The best choice 
among these four parallel detection realiza- 
tions certainly depends on the kind of experi- 
ment to be carried out.’ When parallel detec- 
tion is used to record energy spectroscopic 
large angle convergent-beam-like patterns 
(LACBPs) ,? special selected scattering vectors 
and small detection apertures lead to very low 
intensities. Therefore, the very sensitive 
direct irradiation of a cooled linear PDA in 
place of the common combination of scintilla- 
tor, fiber optic, and semiconductor* has been 
investigated. In addition, the whole parallel 
detection system consists of a quadrupole lens 
system to improve the energy resolution by mag- 
nifying the spectra. Figure 1 is a schematic 
drawing of the sectorfield spectrometer, the 
quadruplet, and the parallel detection device. 


Parallel Detection Device 


The detector is a Hamamatsu $2304-512Q lin- 
ear PDA with 512 diodes and removed quartz- 
glass window. Diode arrays with 256 or 1024 di- 
odes canbe used as well. The individual active 
surface of each diode measures 13 um x 2.5 mmwith 
an element spacing of 25 um. The detector is 
mounted on a small sheet bar in the image 
plane of the quadrupole liens system and can be 
adjusted in the nondispersive direction by man- 
ual operation of a ram. 

The reset noise of the videoline as well as 
the charge-sensitive amplifier noise is asso- 
ciated with the videoline capacitance. There- 
fore, the driver/amplifier board of the PDA is 
placed within the vacuum chamber close to the 
detector to reduce the videoline length. 

The dark current of the PDA decreases by two 
orders of magnitude when the PDA is cooled with 
LN, to -100 C (Fig. 2). In addition, the cool- 
ing increases the dynamic range (DR) and re- 
duces the radiation damage. The reduction of 
radiation damage by cooling the array increases 
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Strasse des 17. Juni 135, D-1000 Berlin 12, 
Germany. They thank E. Zeitler and H. Patzold 
(FHI Berl‘n) for helpful suggestions on the de- 
sign and manufacture of the quadrupole lenses, 
and C. P. Scott (University of Glasgow) for the 
use of his quadrupole-analysis programs. 


the lifetime by a factor of about 20. 

As a second important feature, the direct 
registration efficiency was investigated as a 
function of the primary energy. The theoreti- 
cal value for direct exposure can be calculat- 
ed by dividing the primary energy by the elec- 
tron-hole-pair generation energy of 3.64 eV 
for silicon. The lower experimental value can 
be explained by the geometrical structure of 
the diodes. The aspect ratio of the photodiode 
array halves the reachable value. Moreover, 
the layer structure of the p-n junction leads 
to electron-hole-pair production outside the 
depletion zone. Electrons with energies lower 
than about 8 keV are readily absorbed in the 
SiO, passivating layer, whereas faster elec- 
trons partly produce electron-hole-pairs below 
the depletion area. With the help of Monte 
Carlo simulations, we were able to confirm the 
experimental values (Fig. 3). The lower calcu- 
lated values for energies higher than 30 keV 
result from the use of the dead-layer model for 
the depletion area. * 

The overall performance of the parallel de- 
tector in directmode is closely related to its 
DR and the detection quantum efficiency (DQE), 
both of which depend on the incident electron 
dose, the integration time, and the number of 
readouts.° A consequence of the high gain 
even for low intensities is that high DQEs are 
attainable. A comparison of DQE for a PDA 
operated in direct and indirect mode for dif- 


' ferent numbers of incident electrons and read- 
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outs show a superior performance of the PDA in 
direct mode when the signal on the detector is 
low.’ The detection efficiency for the direct 
mode (n = 3700, 40keV electrons) was deter- 
mined experimentally (Fig. 4) and was compared 
to a typical value for the indirect mode (y 
64, 40 keV electrons) derived from data given 
by Krivanek.* The DQE in the direct mode is 
very close to unity over a wide range of inci- 
dent electron doses and decreases with the 
number of readouts. Single electron detection 
appears to be possible. The DR for a single 
readout is about 7000 and increases with the 
number of readouts. In Fig. 5 the DR of a PDA 
and a CCD is shown. The CCD has a very small 
active surface of 13 x 13 um and therefore 

the saturation charge is about two magnitudes 
lower than for the PDA. 

The driver/amplifier circuit is operated by 
external clock and start pulses provided by a 
microprocessor. This computer controls the 
STEM and allows the acquisition, representa- 
tion and evaluation of the measured data with 
16-bit resolution. The output voltage of the 
PDA is A/D-converted with 14-bit resolution 
and with 8yus conversion time so that the data 
can be converted, stored, and displayed online 
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FIG. 2.--Dark current of Hamamatsu S2304-512Q 
PDA as a function of temperature. 


4000 
Hamamatsu $2304 
= 
> 3000 a Monte Carlo data 
o 
2 
% 2000 
c 
° 
) 
o 
= 1000 
je) 
Oo 
@) 
6) 10 20 30 40 


incident electron energy / keV 


FIG. 3.--Measured conversion efficiency n per 
incident electron vs electron energy compared 
to Monte Carlo data; simulation is based on a 
dead-layer model with the assumptions of a 

0.4 m Si0, passivating layer and estimated 3 m 
depletion zone. 


at all usable clock frequencies up to 62.5 kHz. 
The integration time can be varied from 10 ms 
to about 600 s, whereas the lower limit repre- 
sents the minimum readout time and the upper 
limit represents the discharge time of the ar- 
ray by the dark current. A block diagram of 
the detector is shown in Fig. 6. 


Quadrupole Lens System 


The quadrupole optics was designed according 
to a proposal of C. P. Scott® and has been at- 
tached to a double- focusing 119.3° magnetic 
sector field spectrometer. Experimental condi- 
tions require the possibility of shifting the 
whole spectrometer against the optical axis--a 
translation that the quadruplet and the detec- 
tor have to follow, so that all three parts had 
to be rigidly connected (Fig. 1). 

The magnification system consists of four 
magnetic quadrupole lenses and uses the disper- 
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FIG. 4.--Detective quantum efficiency (DQE) as 
function of number of incident electrons for 
direct and indirect mode and various numbers of 
readouts. 
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FIG. 5.--Dynamic Range (DR) as a function of 
readout number for PDA with active area of 
13 x 2.5 mm and CCD with active area of 13 x 
13 um. 


sion plane as a real object--a design that does 
not affect the optical properties of the spec- 
trometer.® To minimize the inaccuracy of the 
manufacture and the effort of the adjustment, 
the pole shoes and the yokes are made as one- 
piece by spark erosion and are fixed in rela- 
tion to the optical axis by a tube that con- 
tains the diaphragms of each lens. The system 
allows a variable magnification in the disper- 
sive direction, whereas the nondispersive di- 
rection is almost constantly demagnifying 
(0.2x). As the position of the crossover is 
nearly independent of the magnification, fixed 
slits can be attached to minimize the effect of 
stray scattering. The two central lenses lead 
to a magnification of 12x, which can be in- 
creased or decreased by the last lens according 
to the direction of the excitation (high~mag- 
mode or low-mag-mode, respectively). In Fig. 7 
schematic electron trajectories for the low- 
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FIG. 6.--Outline of computer-controlled parallel 


detection and data-acquisition system, 


and high-magnification mode in the dispersive 
plane are shown. The attainable magnification 
is about 4x to 15x in low-mag-mode and 20x to 
90x in the high-mag-mode, determined by a mea- 
surement of the distances between primary peak 
and plasmon losses of aluminum (Fig. 8) for 
various lens excitations. These values agree 
well with calculated data derived by programs 
from C. P. Scott (Fig. 9).° Considering a dis- 
persion of 3.5 um/eV for 40keV electrons, the 
quadruplet enables an increase in this value in 
the range from 14 to 315 um/eV. As the spatial 
resolution of the parallel detector is 25 um in 
direct mode, the maximum magnification allows a 
theoretical limit of 80 meV for the energy res- 
olution with a parallel detected energy range 
of 900 to 40 eV. The reached energy resolution 
of the parallel detection spectrometer was de- 
termined to be 1.1 eV (Fig. 10)--a value that 
agrees well with the energy spread of the therm- 
ionic tungsten cathode operated at about 3000 K. 

The spectrum of TiO, (Fig. 10) was measured 
at about maximum magnification (85x) in the 
high-mag-mode, whereas the spectrum of MoSe, 
fFig, 11), recorded with a scattering vector of 
q = g100/2, is an example for the low-mag-mode 
(magnification 12x). 


Coneluston 


For low electron doses and primary electron 
energies in the range from 20 to 40 keV, the 
direct exposure of a cooled linear PDA seems to 
be the best compromise between high DQE, DR, 
and sensitivity if cellular semiconductors are 
considered. The spectra obtained by a double- 
focusing magnetic sector field spectrometer 
were magnified in the range of 4x to 90x by an 
attached quadrupole lens system, which uses the 
image plane of the spectrometer as a real ob- 
ject. The microprocessor-controlled operation 
provides on-line representation of the convert- 
ed data with 14-bit resolution and allows stan- 
dard evaluation of the data. With this paral- 
lel-detection electron-energy-loss spectrometer 
we have reached an energy resolution of 1.1 eV 
using a thermionic cathode. 
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FIG. 8.--EELS showing primary beam and plasmon 
losses of aluminum foil 250 um thick (electron 


energy 40 keV, detection aperture 2 mrad, mag- 
nification 30x). 
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FIG. 9,.--Measured and calculated magnification 
of quadrupole lens system vs current of lens 
Q; for the low- and high-mag mode. 
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FIG. 10--EELS of TiO, recorded in the high- 
magnification mode of quadrupole lens system. 
FWHM of primary beam is 1.1 eV and determines 
energy resolution of system (electron energy 
40 keV, detection aperture 2 mrad, magnifica- 
tion 85x). 
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FIG. 11;-EELS of MoSe, recorded with scattering 
vector q = g/2 in low magnfication mode of 
quadrupole lens system (electron energy 40 keV, 
detection aperture 2 mrad, magnification 12x). 
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ANGLE-RESOLVED ENERGY LOSS SPECTRA OF Gd,0, 


Peter Schattschneider and Ferdinand Hofer 


Energy loss spectra of heavy rare earth oxides 
show two well-defined plasmon-like peaks below 
40 eV and some intensity variation beyond. 
Since the high-energy maximum is at about twice 
the energy of the low-energy maximum, double 
scattering contributions may mask the former, 
This effect induces artifacts when one attempts 
to determine the dielectric function e(w) from 
Kramers-Kronig-analysis (KKA) of the loss spec- 
trun, Knowledge of e(w) allows one to assign 
heuristically interband transitions or plasma 
excitations to particular maxima. Measurements 
in diffraction mode allow detection of disper- 
Sive features in e(w,q). 


Experiment 


Polycrystalline Gd,0, films 40nm thick were 
investigated at 120 kV in a Philips EM420, 
equipped with a Gatan 607 energy spectrometer. 
Spectra were taken in diffraction mode (image 
coupling) at 8 scattering angles with a q-reso- 
lution of 10.03 A”? and an energy resolution of 
w2 eV. After aperture correction? the spectra 
were combined to give a q-dependent loss func- 
tion. Channel coupling between quasi-elastic 
and inelastic events was removed by subtraction 
of a weighted image mode spectrum.* Angle-re- 
solved plural-scattering deconvolution was sub- 
sequently applied.* For KKA, spectra were ex~ 
trapolated to zero below 5 eV. 


Results 


Figure 1 shows q-dependent loss functions be- 
fore (dotted) and after the corrections men- 
tioned above. The plural scattering is negligi- 
ble at small q, but contributes more than 70% of 
the total intensity at higher q, in the high- 
energy tail. The broad background at %70 eV, 
which is removed by the method, is the self- 
convolution of the double-maximum structure. 

The shape of the spectra up to 35 eV is not 
much altered by deconvolution. The contribu- 
tion of the 16eV maximum, convoluted by itself, 
act so as to increase the measured intensity be- 
tween 130 and 35 eV slightly. Consequently, de- 
convolution reduces the second maximum relative 
to the first one. The multiple scattering in- 
tensity is shown in Fig. 2, together with the 
image mode spectrum, obtained with the full 
aperture of the objective polepiece. 


The maxima in image mode are at 15 and 36.5eV, 
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in agreement with reported values.” The 
slight increase of intensity to the far right 
of the figure is the onset of the Gd-N edge. 

Figures 3 and 4 show Re[e(w,q)] for two 
scattering angles. The position of zeroes is 
13 eV for both spectra, causing the plasmon- 
like resonance in Figs. 1 and 2. The fact that 
there is no detectable shift in the zero as a 
function of momentum indicates that the corre- 
sponding maximum in the loss spectrum is not 
much plasmon-like but is strongly influenced 
by interband transitions. They show up in 
Im[e(w,q)] (Fig. 5). The 22 eV-maximum is as- 
signed to the 0 - 2s > 5d + 6s transition,” 
which is optically forbidden. (Note the in- 
crease of oscillator strength with q.) A tran- 
sition at 30 eV is optically allowed, giving 
rise to a rather constant structure. At this 
energy, the 5p + 5d + 6s transition is locat- 
ed.° Shifts in the peak position and faint 
structure beyond 30 eV indicate that the 5d- 
band is no more flat because of hybridizing 
with the 6s band. 

Figure 6 shows the influence of deconvolu- 
tion on Im[e(w,q)}]. As can be seen, multiple 
scattering changes the spectra in a way that 
does not seriously affect the outcomes of a 
Kramers-Kronig analysis. That is not true in 
general. Application of KKA to (for example) 
energy loss spectra of aluminum, without prior 
deconvolution, causes spurious peaks in 
Im[e(w,q)] at multiples of the plasma loss.’ 
The relative insensitivity of KKA to deconvolu- 
tion is due to the smooth appearance of the 
double scattering contribution in Gd,0,; 

Chae 2) 
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FIG. 1.--(a-h) Loss spectra (dotted) of Gd,0, at scattering angles 6 = 0, 0.31, 0.62, 1.24, 2.49, 
3.74, 4.98, and 6.23 mrad, respectively. (Full line: single loss.) 
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BRAGG-COMPTON AND PLASMON-COMPTON 
Peter Jonas 

Electron Compton scattering is inelastic scat- 
tering of fast electrons at large angles off 
core or valence electrons. The energy of the 
scattered electron is increasingly lowered with 
scattering angle; the energy distribution can 
be shown to an image of the electron momentum 
density distribution in the ground state.+ 

Besides the Compton effect, other electronic 
excitations within the solid must be consid- 
ered. Low-angle scattering off valence elec- 
trons gives rise to plasmon excitation peaking 
in the low-energy-loss region. Such a plasmon 
excitation can be followed by a Compton event. 
An equally dominant contribution to multiple 
scattering arises from combined Bragg-Compton 
scattering. 

The Bragg spots and plasmon peaks can be 
considered as new sources for Compton events. 
Since these Compton events correspond to var- 
ious scattering angles a number of Compton pro- 
files with different maximum and width are su- 
perimposed in a measurement. ? 


Bragg Scattering 


We may write the total measured intensity M 
at a particular energy loss E as a linear com- 
bination of coupled Bragg-Compton events. In 
the case of a systematic row reflection with 
i excited beams it is always possible to choose 
n=2 * (i - 1) angles %' such that the system 
of linear equations 


nm 


M(Q,', E) = (1) 


can be solved with respect to I, Py is the in- 
tensity of the j-th, Bragg (elastically scat- 
tered) beam, and I(%j) is the intensity of the 
Compton scattering coming from the j-th Bragg 
spot. 
tion that the Compton profile is centrosymmet- 
ric, I(2,E) = I1(-%,E) and the Pj are all dif- 
ferent from each other. 

A free electron model was used for calcula- 
tion of the valence electrons Compton profiles 
of aluminum. For the L-shell electrons a hy- 
drogenic expression for the respective ioniza- 
tion cross section was used.* The Pj were cal- 
culated and averaged over a thickness of 20 nm 
with the EMS-Software Package. * 

For a five-beam case, eight measurements are 
necessary to deconvolute the spectra exactly 
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This relationship holds under the assump- 
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CHANNEL COUPLING IN ELECTRON COMPTON SCATTERING 


and Peter Schattschneider 


(Fig. 1). To test the abilities of our algo- 
rithm under experiment-like conditions, a ran- 
dom noise was added to the simulated M such 
that the statistical significance AI/I = 0.03 
at the Compton peak (Fig. 2). Figures 3 and 4 
show 2 of 8 Compton profiles calculated from 
the simulated noisy total profiles compared 
with the theoretical ones. We are able to re- 
construct four profiles with very high accura- 
cy, but get no useful information about the re- 
Maining four. The first ones are the Compton 
profiles which represent a direct scattering 
event from the (0,0,0} beam to the spectrometer 
aperture. The quality of the profile of Fig. 4 
improves significantly when the noise is re- 
duced. 


Plasmon Seattertng 


Because of plasmon scattering each 1(8,E) 
in Eq. (1) should be exactly written as (con- 
sidering only the first and the second plasmon) 


1(@,E) is the normalized single-scattering 
profile; Ipi and Ip2 are the intensities of the 
first and second plasmon peaks, relative to the 
intensity of the zero loss peak; and Ey is the 
plasmon energy, which is about 15 eV for alum- 
inum, The angular distribution of the plasmons 
follows a simple law?: 


On 


Tn1 (8) ~ a+ 8 


(3a) 


where 6F = Ep/2Eo, which is 0.075 mrad for 
electrons with Eg 200 keV. Plasmon scatter- 
ing therefore is concentrated in the forward 
direction, and for 8— << © we have a good ap- 
proximation 


I, = 1,16(9,) (3b) 
Equation (2) then simplifies to 
I,..(9, Z) = 1(9, F) + I,,1(8, E — E,) (4) 


+ i,21(9,E = 2E,) 


We simulated Compton profiles following Eqs. (2) 


and (4) to prove Eq. (3b); the plasmon intensi- 
ties were determined assuming that the scatter- 
ing obeys Poisson statistics. Figures 5 and 6 
show that for a specimen thickness much smaller 
than the mean free ,path (for 200 keV in alumi- 
num about 157 nm),° plasmon scattering could be 
regarded as scattering in forward direction. 

In general, energy-loss spectra are avail- 
able in discrete form, Equation (4) can be 
written in a matrix formulation: 


Equation (5) can be solved straight via recur- 
sion; it holds exactly only for an infinite en- 
ergy interval. The error that we are making by 
truncation of the energy loss to within the 
Compton profile vanishes after a few steps of 
the recursion provided Ipi and Ip2 are less 
than 1 (i.e., specimen thickness is less than 
the mean free path). 
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NUMERICAL PROBLEMS IN THE DECONVOLUTION OF ELECTRON ENERGY LOSS SPECTRA 


Dangsheng Su and Peter Schattschneider 


A measured energy loss spectrum is not suited 
for an immediate theoretical analysis because 
some incident electrons are scattered inelasti- 
cally more than once when passing through a 
specimen. This multiple process results in a 
plural scattering contribution to the energy 
loss spectrum, which changes the shape of the 
spectrum and tends to hide characteristic spec- 
tral features. Therefore an exact analysis of 
energy loss spectra requires the removal of 
plural scattering from the measured spectrum in 
order to yield a single scattering distribu- 
tion. Several methods available for calculat- 
ing the single scattering distribution have 
been reported.’~* However, only the Fourier- 
log deconvolution seems to be very well devel- 
oped and widely used.°*® 

We show that the Fourier log deconvolution 
depends very strongly on the choice of the in- 
terval for Fourier transform, if the thickness 
of the specimen d is very large. We also make 
a study of the effect of truncation on the cal- 
culated single loss distribution. For thick 
specimens the Fourier log deconvolution is 
strongly limited by the truncation errors. Oth- 
er methods have been described.**° They can be 
shown to be less sensitive to the effect of in- 
terval truncation to be discussed in the fol- 
lowing.’ 


Theory 


Assuming independent scattering events, the 
measured inelastic scattering probability P 


D 


4 


(E) = exp(-D) $ 2p ce) a) 


n! 
where E is the energy loss, D = d/d is the 
thickness of the specimen given in units of mean 
free path length \ of the fast electron [{(1/A) = 
E(1/\;)], where i denotes the various energy 

oss mechanisms in the medium such_as plasmon, 
phonon, core losses, etc., and p@) (BE) is the 
n-fold scattering distribution which is the n- 
fold self-convolution of the single scattering 
distribution p(E), 


See tp = Bp an (2) 
After Fourier transforming of Eqs. (1) and (2) 
we have 

P(j) = exp(-D)exp[Dp(j)] (3) 


where P(j) and p(j) are the Fourier transform 
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of P(E) and p(E), respectively. The Fourier 
transform of the single scattering distribu- 
tion is then obtained as 


pj) 


<(inb(j) + D] (4) 
We can calculate the single scattering distri- 
bution from Eq. (4) by taking the inverse 
Fourier transform. Because we are concerned 
with multiple scattering deconvolution and use 
simulated spectra in the following, we make no 
attempt to discuss the effect of noise and en- 
ergy resolution and neglect any instrumental 
broadening effect. Otherwise, an instrumental 
function Z(E) ought to be used, as in Ref. 5. 
Although the measured and the single scat- 
tering distribution are never complex, their 
Fourier transform could be. Let P(j) 
r(jjei®(3) and p(j) = Re[B(j)] + i-Im[PC5)1 
where r(j) is the modulus of Fourier transform 
of plural scattering distribution and 6(j) is 
its phase, and Re and Im denote the real and 
imaginary parts of the single loss distribu- 


tion in Fourier space. From Eq. (4) we have 
Inr = D+ [Re(p(j)) - 1] (5) 
6=D + Im[p(j)] + nm, n=0,1,2,... (6) 
lel <3 (7) 


Z 


The normal Fourier deconvolution routine is by 
a fast Fourier transform (FFT) to calculate I1nr 
and @, by Eq. (5) and (6) to obtain Re[p(j)] 
and Im[p(j)], and then by an inverse FFT to re- 
trieve the single scattering distribution. If 
the spectra were normalized, then for all 
j} Im{PG)] < 1, which means that the Fourier- 
log deconvolution can only be applied to speci- 
mens with D < 7/2. For D> 1/2, due to the 
possible discontinuities in phase as shown in 
Fig. 1, there will be difficulty in retrieval 
of the correct phase and therefore of the 
single loss spectrum. ° 

Some methods have been proposed to cope with 
this difficulty. A simple way is to evaluate 6 
from Eq. (6) but instruct the computer to cor- 
rect for each discontinuity in the array by 
adding or subtracting multiples of 7.° This 
correction does not work for any thickness, as 
expected, because the correction is based on 
the assumption that the difference between two 
adjacent 6(j) must be smaller than 7/2. If j 
were a continuous variable one could immediate- 
ly pick up the discontinuity in phase and cor- 
rect it. But for discrete j the phase differ- 
ence is given by 


A@ = 6(j + 1) - 8(j) 
=D {Im[pGj + 1)] - Im[pci)}} 


and for large enough D it is quite possible 
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FIG. 1.--Dotted line, retrieved phase with Eq. (5); full line, true phase. 
FIG. 2.--Simulated spectrum: full line, D = 5: dotted line D = 1; dash-dotted line, single loss. 
Arrows show where spectra were truncated. 
FIG. 3.--Effect of truncation on Inr for D 
dash-dotted line, Ec = 80 eV. 

FIG. 4.--Effect of truncation on Inr for D = 1: full line, Ec = 80 eV; dotted line, Ee = 35 eV. 
FIG. 5.--Effect of truncation on retrieved phase of P for D = 5: dotted line, E, = 110 eV; full 
line, E, = 200 eV. Number of points for FFT is 2048. 

FIG, 6.--Effect of truncation on retrieved phase of P for D = 1: full line, Eg = 80 eV; dotted 
line, Ec = 35 eV. 

FIG. 7.--Amplitude of truncation errors for various cutoff energies: full line, E¢ = 200 eV, 
dotted line, Ec = 110 eV; dash-dotted line, Ec = 80 eV. D=5. 

FIG. 8.--Wrong phase of P corrected as in Ref. 5. Full line shows true phase. D 
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that AO > 1/2. That means that we have to en- 
large the interval for Fourier transform to 
increase the number of transform points, so as 
to insure that Ad < 1/2. For FFT this amounts 
to double the energy interval n times, where n 
is not known in advance. 


Tryncatton Errors 


The use of Fourier coefficient means that 
one has chosen a fundamental interval for the 
energy loss spectrum which is certainly not 
specific. It is therefore important to ask how 
we can choose a period length for this nonper- 
iodic spectrum without introducing any arti- 
fact. We see intuitively that the larger the 
fundamental interval, the better the results, 
which means that we must measure the energy 
loss spectrum in a very large energy region, 
which may not be feasible for practical rea- 
sons. 

The measured spectrum will therefore be ex- 
trapolated to zero up from the last measured 
energy channel Ec to a very large energy value. 
A commonly used method is making use of an ex- 
ponential function AE~*, where the parameters A 
and r will be determined from the measured 
spectrum, If we define the function AP(E) as 
the difference between the real spectrum P(E) 
and the extrapolated spectrum P'(E) 


AP(E) = P(E) - P'{(E) (8) 
AP(E) =O E<E, 
AP(E) = exp(-D) & CE) - AET E2 Eo: 
ni! 
Taking the Fourier transform of Eq. (8) and 
using Eq. (3), we get 
Bete ae 1 AP(j) i 
B'G) = BG) + din(fr - = | +40 (9) 
an B(3) jo 
and Eqs. (3) and (4) become 
ine = Ds (REG) 1]. - in( : Nao) 
P(3) 
6 = D+ Im[p(j)] + Ae (11) 


where A® is the phase error induced by the trun- 
cation and extrapolation. 

As can be seen, unless Ap(j) = 0, the Fouri- 
er-log deconvolution can only give an approxi- 
mate result. In order to analyze how the trun- 
cation and extrapolation affect the calculated 
single scattering distribution, we simulated 
energy loss spectra with different D (Fig. 2). 
The spectra were truncated at various energies 
and extrapolated to zero by the power law 
Pp ~ AE-Y, The results are shown in Figs. 3-10. 
Figures 3 and 4 show the effect of truncation 
on Inr for various D. Figures 5 and 6 show the 
effect of truncation on 6. For D = 1 this ef- 
fect is very small and the calculated single 
Joss distribution is exactly as the original 
one. The relative error in the area under the 
main maximum of the retrieved single spectrum 
is less than 0.001%, even if the spectrum was 
truncated at energy E = 35 eV. Conversely, for 
D = 5, the relative error is 20% at E = 110 eV 
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and reduces to 0.002% at E = 200 eV. Figure 7 
shows the amplitude of the truncation errors 
for various cutoff energies for D = 5. Fig- 
ure 8 shows that the phase correction given in 
Ref. 5 is also affected by the truncation 
which leads to unphysical results, as shown in 
Figs. 9 and 10. It is evident that for large 
D the Fourier log deconvolution is very sensi-~ 
tive to the truncation, but for small D 

it is less sensitive. 
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TEMPERATURE-DEPENDENT EXELFS 
IN CHEMICALLY DISORDERED 


J. K. Okamoto, C. C. 


A parallel detection system makes extended 
electron energy-loss fine structure (EXELFS) 
in the electron microscope a viable structural 
probe. We are using EXELFS to study the 
short-range chemical order and local thermal 
vibrations of the Al atoms and the Fe atoms in 
chemically disordered and ordered Fe,;zAl. We 
are particularly interested in the changes in 
lattice vibrations that accompany the order- 
disorder transformations in FesAl because 
knowledge of these changes will further our 
understanding of the thermodynamics of order- 
disorder transformations. Al K edge and 

Fe Lj, edge data were taken from pure Al, pure 
Fe, chemically disordered FezAl and DO;- 
ordered FezAl at temperatures ranging from 96 
to 423 kK. The average number of Fe atoms in 
the first nearest-neighbor (lnn) shell sur- 
rounding the Al and Fe atoms in chemically 
disordered and DO;-ordered materials are de- 
termined approximately by comparison of our 
data with ab initto EXAFS calculations.* The 
mean-square relative thermal displacements be- 
tween the Al and Fe atoms and their Inn shell 
are determined from the damping of the first 
shell EXELFS oscillations as a function of 
temperature.” Using these mean-square relative 
thermal displacements, we can estimate the vi- 
brational entropy difference between chemically 
disordered and DO,-ordered Fe,Al. 


Expertmental 


Chemically disordered Fe-25at.%Al samples 
were prepared by piston-anvil quenching. Some 
samples were annealed at 300 C for over a day 
to develop DO; order. Al K edge and Fe Lj; 
edge electron energy-loss spectra were acquired 
with a Gatan 666 parallel detection magnetic 
prism spectrometer attached to a Philips EM 
430 transmission electron microscope. Figure 
1 shows the Al K edge and the Fe L2, edge from 
FezAl. The energy resolution at the detector 
was about 4 eV with a dispersion of 1.07 eV per 
channel. Spectra were obtained at temperatures 
ranging from 96 k to 423 K at a collection 
angle of 10 mrad. To minimize any possible ef~ 
fect of electron beam heating, these spectra 
were collected from regions %4 um diameter with 
200keV electrons and a beam current of about 
10 nA. In comparison, Disko et al.* obtained 
their data illuminating a submicron-diameter 
region with 300keV electrons and a beam cur- 
rent of 5 nA, and concluded from their data 
that the temperature measured at the edge of 
their thin aluminum foil was reasonably accu- 
rate even in the presence of the intense elec- 
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OF Al K and Fe Lz, EDGES 
AND DO,-ORDERED Fe,Al 


Ahn, and B. Fultz 


tron beam they used. Gain fluctuations in our 
detector system were removed by a two-step 
process that Shuman and Kruit showed to be ef- 
fective in extracting useful data from parallel 
recorded energy-loss spectra with low signal- 
to-background ratios. First, each spectrum 
was divided by a gain-calibration spectrum ob- 
tained in the so-called “uniform illumination 
mode" of the Gatan 666. Second, gain-averaging 
was performed over several spectra, each re- 
positioned by about 3 detector elements. Ten 
spectra were gain-averaged for the Al K edge 
data; twenty for the Fe L,; edge data. Divid- 
ing by the gain-calibration spectrum should re- 
duce the element-to-element variation of the 
array detector, but may add variations in de- 
tector response due to nonuniformities in the 
illumination of the detector array when col- 
lecting the calibration spectrum. The larger 
the energy range over which gain is averaged, 
the greater the distance in k-space one can go 
and still detect useful EXELFS oscillations. 

To remove the smoothly varying portion of the 
energy-loss data, cubic spline fits with knots 
approximately evenly spaced in k-space were 
used. The EXELFS oscillations were normalized 
to the edge jumps. 


Results 


Figure 2{a) shows the Al K edge EXELFS 
weighted by the first power of k for the or- 
dered FesAl sample. Fourier transforms were 
performed on the Al K edge data in the range 
4 <k <9 Av* because of plural scattering at 
lower k and long-range detector gain fluctua- 
tions at higher k. Analysis of the extended 
fine structure of L edges in use of the stan- 
dard EXAFS formula is possible because the ma- 
trix element of the p-to-s transition is in- 
significantly small in comparison to the matrix 
element of the p-to-d transition.° With the 
10mrad collection angle, the Fe L, edge was un- 
observably small in the energh-loss spectra. 
The Fe Lz and L, edges are 13 eV apart with an 
intensity ratio of 2:1. To reduce the effect 
of the 13eV difference between L; and L, edges, 
and to eliminate the L,; edge jump from the 
EXELFS data, only Fe L edge data more than 170 
eV past the L, edge jump (which corresponds to 
k > 6.5A7') were Fourier transformed. At high- 
er k, long-range detector gain fluctuations 
limited the useful data to k < 12 Av. Figure 
2(b) shows the Fe L,, edge EXELFS weighted by 
the first power of k for the ordered Fe;zAl 
sample. Figure 3 shows the Fourier transforms 
of the Al K and Fe Lz; EXELFS weighted by k for 
the ordered Fe,Al sample at 96 k and 348 K. 

The peaks near 1.3 A are due to the presence of 
surface oxide and/or residual low-frequency os- 
cillations from the spline fits. The combined 
inn and 2nn shells were isolated by back- 
transformation of the data in the range 


1.7 <r > 2.8 A for the Al K edges and 1.8 < 

r < 2.7 & for the Fe L,, edges. By comparing 
our data to ab tnitio plane wave EXAFS calcula- 
tions’ and by neglecting the effect of the 2nn 
shell, we can extract approximate Inn shell 
distances that agree to within +0.05A with Inn 
distances determined from x-ray crystallography. 
The uncertainty in the proper choice of edge on- 
set energy Ey contributes to the error in the 
absolute determination of Inn shell distances 
from our EXELFS data. 

The difference in chemical short-range order 
between the piston-anvil quenched and DO,;- 
ordered Fe;zAl samples can be determined from 
our EXELFS data. In going from an ideally dis- 
ordered Fe;Al sample to one with perfect DO, 
order, the number of Fe-Al bonds would increase 
by 33%. By comparing our data with ab initto 
EXAFS calculations,’ we can determine that Al 
atoms in the DOz-ordered sample have on average 
S to 25% more Fe atoms in their inn shell than 
have Al atoms in the piston-anvil quenched sam- 
ple. Similarly, Fe atoms in the DO3-ordered 
sample have on average 3 to 25% more Al atoms in 
its Inn shell than have Fe atoms in the piston- 
anvil quenched sample. These results are con- 
sistent with Méssbauer spectrometry studies, 
which show that our piston-anvil quenched FeAl 
is nearly a disordered solid solution.® The 
relatively large uncertainties assigned to 
these EXELFS results are due to the uncertain- 
ties in the normalization of the EXELFS oscil- 
lations because of differences in sample thick- 
ness and surface oxide between piston-anvil 
quenched and DO,-ordered samples. One can elim- 
inate these sources of error by annealing the 
piston-anvil quenched sample in situ within the 
electron microscope. 

Experimental mean-square relative displace- 
ments (MSRD) were determined relative to the 
lowest-temperature data. Neglecting the 2nn 
shell contribution, these Inn MSRD data are pre- 
sented in Fig. 4, which also includes lnn MSRD 
data from pure Al metal and from pure Fe metal. 
The scatter in the data can be attributed to 
slight sample drift in the electron microscope. 
The experimental data were fit to Einstein 
models’ with "local" Einstein temperatures given 
in the captions of Fig. 4. As the number of 
Fe-Al bonds increases (as in going from piston- 
anvil quenched Fe,;Al to DO,-ordered Fe;zAl), the 
MSRD becomes smaller. The local Einstein tem- 
peratures of 315 K for pure aluminum and 300 K 
for pure iron correspond to local Debye temper- 
atures of 430 K and 415 K, respectively. These 
local Debye temperatures can be compared with 
Debye temperatures from heat-capacity measure- 
ments of 394 K for bulk aluminum and 420 K for 
bulk iron.® Although the expected trends are 
shown in our present MSRD data, our confidence 
in their accuracy will be improved by gain- 
averaging over a larger energy range and by ac- 
quiring more counts to reduce statistical noise. 

A fundamental interest in the disorder-order 
transformation has motivated us to make these 
measurements of local Einstein temperatures. 

The free-energy difference of the disordered and 
ordered phases, which sets the critical tempera- 
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ture of the transformation, depends on the en- 
tropy difference between the ordered and dis- 
ordered phases. Present interpretations of 
the critical temperature are based on an en- 
tropy difference that is configurational in 
origin. However, the greater number of vibra- 
tional states available to the disordered al- 
loy may increase sufficiently the entropy of 
the disordered state to suppress the critical 
temperature of the disorder-order transforma- 
tion. Approximately, neglecting the zero point 
vibrations, the vibrational entropy per atom 
is 


S38 


V 3 k, in(T/6 


re 

With our measured difference in 9F for the dis- 
ordered and DO;-ordered phases, the difference 
in vibrational entropy is 0.4 kp per atom at 
the critical temperature. In comparison, the 
difference in configurational entropy calcu- 
lated in the mean-field approximation is 0.56 
kp per atom. The present temperature-depen- 
dent EXELFS measurements suggest that vibra- 
tional entropy is nearly as important as con- 
figurational entropy in the thermodynamics of 
the order-disorder transformation in FesAl. 


ConeLlustons 


A parallel detection system makes quantita- 
tive studies of EXELFS in the electron micro- 
scope possible. In addition to nearest-neigh- 
bor distances, short-range chemical order and 
local thermal vibrations can be measured by 
EXELFS and its temperature dependence. Final- 
ly, and most significant, our MSRD data indi- 
cate that the vibrational entropy contribution 
to the critical temperature of the order-dis- 
order transformation in Fe;zAl is of the same 
order of magnitude as the configurational 
entropy contribution. 
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FIG. 1.--(a) Al K edge from FezAl; (b) Fe L,, edge from Fe;Al. 

FIG. 2.--(a) Al K and (b) Fe Lz; EXELFS weighted by k for DO;-ordered Fe;Al at 295 K. 

FIG. 3.--Magnitude of Fourier transform of (a) Al K; (b) Fe Lz; EXELFS weighted by k for DO,;- 
ordered Fe,zAl at 96 K (solid line) and 348 K (dashed line). 

FIG. 4.--(a) Experimental MSRD between Al atoms and their Inn shell relative to data at 96 K. 
Lines are theoretical MSRD with local Einstein temperatures of 315 K for pure Al, 350 K for Al in 
piston-anvil quenched Fe,;Al, and 460 K for Al in DO;-ordered FezAl. (b) Experimental MSRD be- 
tween Fe atoms and their lnn shell relative to data at 96 K. Lines are theoretical MSRD with 
local Einstein temperatures of 300 K for pure Fe, 400 K for Fe in piston-anvil quenched Fe;Al, 
and 440 K for Fe in DO;-ordered Fe;Al. 
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3 
Advances in Analytical Instrumentation 


SPECTRAL DECONVOLUTION OF WAVELENGTH-DISPERSIVE X-RAY SPECTRA 


Guy Rémond and J. L. Campbell 


X-ray peaks frequently exhibit asymmetrical 
shape resulting from instrumental spectral dis- 
tortions and from the existence of nondiagram 
lines. In order to account for a possible non- 
proportionality between the peak height and the 
peak area in quantitative analysis, an analyti- 
cal description is used to process x-ray peaks 
obtained by means of wavelength-dispersive 
spectrometry (WDS). The observed peak width 
must be expressed in terms of the instrumental 
resolution and the natural width of the emis- 
sion line in order to avoid artifacts in spec- 
tra processing. The effect of the matrix com- 
position on the intensity of high-energy satel- 
lites resulting from double ionization mecha- 
nisms and Coster-Kronig transitions is illus- 
trated for the case of gold-bearing compounds. 


Experimental 


The computer-and-microprocessor controlled 
electron probe microanalyzer (EPMA) equipped 
with four WDSs and installed at the joint Bu- 
reau de Recherches Géologiques et Minieres - 
Centre National de la Recherche Scientifique 
laboratory at Orléans was used. An interval 
corresponding to a variation of +0.00075 of the 
sin 6 value around the peak maximum was ana- 
lyzed by moving the monochromator step by step. 
Each step was equal to a variation of sin 8 
3 x 107°, so that each analyzed domain con- 
tained 500 channels. For each channel the 
counting time was 1 s. 

The observed photon energy distribution P(A} 
within an x-ray emission line is the convolu- 
tion product of the Lorentzian physical energy 
distribution with the instrumental response 
function of the spectrometer. The observed 
shape of an x-ray line analyzed by WDS is con- 
trolled by the entrance slit of the spectrome- 
ter, the intrinsic properties of the monochrom- 
ator, and its geometrical arrangement within 
the spectrometer.* Thus, the WDS peak profile 
is intermediate between a Gaussian and a Lor- 
entzian distribution. For practical applica- 
tion in quantitative processing of complex 
x-ray spectra by means of least-squares fitting 
techniques, Huang and Lim suggested the use of 
the equation? 


P(A) = oe. + C, LOA) 


(1) 
where 0 < Cy <1andC, =1 - Cy are the con- 
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tributions of a Guassian G{(i) and Lorentzian 
L(A) of same width and centered at the same 
maximum position. 

Equation (1) has been used to process WDS 
X-ray spectra acquired by EPMA.°’ In order 
to correct for departure from symmetry of 
peaks, Gaussian offsets were empirically added 
to the above equation,*** In the fitting pro- 
cedure, each parameter can be fixed, released, 
or coupled to others to insure a proper model- 
ing of the peak, taking into account its known 
physical properties. 


Results 


In order to illustrate the change in the 
peak shape as a function of the analyzed radia- 
tive transitions, the S Ka, Nb La and Au Moa 
emission lines, whose energies are similar, 
were digitally recorded and processed (Fig. 1). 
These x-ray peaks were analyzed by a PET mono- 
chromator (2d = 0.874 nm). The corresponding 
Bragg angles were located approximately midway 
within the Bragg angle domain imposed by the 
mechanical limitations of the monochromator 
displacement within the spectrometer. The fol- 
lowing observations were made. 


@ The unresolved S Ka ,Ka, doublet is accom- 
panied by two high-energy nondiagram lines 
labeled S KLandS kM (Fig. la). The separation 
distances between the satellite peaks and the 
parent S Ka, peak were S Ka,- S KL = 0.00348 nm 
(15 eV) and S KM - S Ka = 0.000865 nm (3.7 eV), 
respectively. 

e The unresolved Nb La,,La2 peaks also ex- 
hibited a high-energy nondiagram line Nb LaS 
(Fig. 1b). This satellite was asymmetrical and 
described as the sum of two Gaussian offsets. 
The separation distance of the satellite maxi- 
mum from the Nb La; peak was 0.00206 nm (7.8 
eV) with an intensity ratio I(Nb LaS)/I(Nb La) 
equal to 15%, The Nb L8 peak was also found 
to be asymmetrical. The intensity of the high- 
energy satellite was only 6% with respect to 
that of the Nb L§ parent peak. 

e The Au Ma emission peak exhibited a pro- 
nounced high-energy tail, which was resolved as 
that of the Nb La parent peak. 


Low energy nondiagram lines were also ob- 
served for the case of some emission peaks of 
the lanthanide elements (Fig. 2) and for the 
case of Ka and Kf8 peaks of the transition ana- 
lyzed by means of a LiF monochromator.* * 


Dtscusston 


The peaks being corrected for asymmetry, 
the calculated half-width at half maximum 
(HWHM) values T, are effective values account- 
ing for the instrumental resolution [1, and the 
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FIG. 1.--Results of fit to experimental WDS x-ray peaks made with PET monochromator. 
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natural width of the analyzed x-ray emission y. 
The observed IT values were expressed by quadra- 
ture addition of the Ti and y values? 


[ta)® + 4 4,)71?/? 


where Ts, is the observed HWHM of the peak re- 
sulting’ from the radiative transition between 
the j and k levels, respectively, [1 is the 
HWHM value resulting from the instrumental reso- 
lution, and yj, is the natural half-width of 
the jk x-ray emission line. 

Equation (2) is a sufficient approximation to 
explain the observed difference in peak widths. 
Since the naturai width of the S Ka emission 
line is only a few tenths of an electron-voilt, 
the 3.7eV calculated value derived from the 
S Ka;, Koo peak processing (Fig. la) is indic- 
ative of the PET resolution within a narrow en- 


(2) 
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ergy domain containing the S Ka emission peaks. 
With the 1.77eV natural width of the Nb La 

line taken into account, Eq. (2) led to a pre- 
dicted 4.leV width, consistent with the mea- 
sured width, which we found to be 3.97 eV. 

The natural width of the L83 emission lines 
of the lanthanide elements (S57 <Z<€ 71) is 
almost twice that of the La emission lines, 

This difference is responsible for the differ- 
ence in peak width as shown in Table l. 

In addition, setting the L683 peak width to 
the value derived from the calibration curve 
for the La peak width led to the detection of 
a spurious peak (Fig. 2a); the L&3 peak was 
solved as a single peak when the width was cor- 
rected for the natural width (Fig. 2b).3 


TABLE 1.--Observed and predicted HWHM values 
(nm) for La3 emission peak of some lanthanide 


elements. 
Ee ee 
0.2411 0.2218 


0.2127 
0.280 
10-3 


(LBs) (nm) 


rT, = £ (I(La) (nm) 0.255 0.273 
10-3 10-3 
Fo = (WT4? + 7?)2/2 0.326 0.327 0.330 0.340 
(nm) 10-3 10-3 10-3 10-2 
Tove (nm) 0.330 0.320 0.328 
10-3 10-3 10-3 


Significant low-energy satellites were found 
to accompany the L8,, Lyi, and Ly2,3 emission 
lines of the lanthanide elements; 1.e., transi- 
tions originating from the incompletely filled 
4f shell of these elements. The result of a 
fit to the Nd Ly; emission is shwon in Fig. 3. 
A linear relationship was observed for the wave- 
length separation distance between the nondia- 
gram and the parent diagram line as a function 
of wavelengths (Fig. 4). The separation dis- 
tances derived from spectra processing accord- 
ing to Eqs. (1) and (2} were found to be in 
fairly good agreement with data published by 
other authors.°~® These low-energy satellites 
are similar to those accompanying the KB. ,3 
emission peaks of transition metals,?711 

High-energy satellites have been shown to ex- 
ist on Ka, La, and Ma peaks (Fig. 1). The sep- 
aration distance between the S KL satellite and 
S Ka,,2 peak (Fig. la) is consistent with x-ray 
spectra modifications resulting from a de-exci- 
tation process of the K shell in presence of 
simultaneous 2p vacancy.?* When 1s and 2p va- 
cancies are created simultaneously, the 2p va- 
cancy has a longer lifetime than that of the 
ls hole. Thus, the inner vacancy de-excites in 
presence of an outer vacancy which produces a 
change in the electrostatic potential leading 
to shifts in the energy levels. These shifts 
were kindly calculated forus by B. Crasemann.?? 
Because of the large numbers of atomic levels 
involved in each case, the satellite consists 
of a number of transitions closely spaced, and 
we observed their envelope. The S KM satellite 
(Fig. la) is tentatively assigned to simultane- 
ous vacancies on the K and M levels. A linear 
increase of the energy separation distance 
Z KL - Z Ka as a function of the atomic number 
Z was observed accompanied by a simultaneous 
jinear decrease of the intensity ratio I(Z KL)/ 
I(Z Ka) as a function of Z.* The energy separa- 
tion distance Z KM - Z Ka also linearly in- 
creased as a function of Z, but the intensity 
ratio I(Z KM)/I(Z Ka) increased when Z was in- 
creased, 

The separation distance of v8 eV we measured 
between the Nb LaS satellite and the Nb La dia- 
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gram line (Fig. 1b) is consistent with the cal- 
culated data by Crasemann and with the energy 
shift for Sn L x rays resulting from additional 
electron vacancies.***+* A separation distance 
of v8 eV was also observed between the Nb LaS 
satellite and Nb L8 emission line. The inten- 
sity ratios I(Nb LaS)/I(Nb Lo) and I(Nb L8S)/ 
I(Nb L861) are in proportion, consistent with 
the measured and calculated relative satellite 
intensity of the La and Lf, x-rays produced 
by 2.5MeV proton bombardment of elements within 
the 37 < Z < 56 atomic number domain.?5 

Besides direct simultaneous ionization of 
inner and outer shells, the emission process 
in a double-hole configuration may also result 
from Coster-Kronig (CK) decay mechanisms of 
the L and M shells; i.e., Auger decay within 
the same shell. 

The CK transitions are not energetically al- 
lowed for all elements and the relative satel- 
lite intensities exhibit a cutoff threshold 
for some specific atomic numbers. As an exam- 
ple, the Li; - L3M,,5 CK transition becomes for- 
bidden for Z 2 50, which explains the low 
satellite-to-La intensity ratio that we mea- 
sured as 1.7% for the case of Ba (Z 56), com- 
pared with the value of 15% we obtained for 
Nb (Z = 41). 

When permitted, the CK transitions dominate 
the other decay processes and are responsible 
for the satellites we measured on the high-en- 
ergy Side of the La peaks for Hg, Au, Pt, and 
W. The tailing effects we observed on the 
high-energy side of the Ma peaks for Au (Fig. 
lc), Hg, Pt, and W are also more likely to be 
due to emission in double-vacancy configura- 
tion created by CK transitions of the M shell. 
The Au Ma peak width induced by a 20keV elec- 
tron beam energy was 2.7 eV (Fig. lc), leading 
to a value for the intensity ratio between the 
satellite and the Au Ma peak of 0.2. An in- 
trinsic width of 2.5 eV and a 0.5 intensity 
ratio were obtained for the Au Ma emission in- 
duced by a Cr x-ray fluorescence tube.?® The 
difference in the ionization cross section as a 
function of the excitation energy may explain 
the variations of the Au MaS and Cu LoS satel- 
lite intensities associated to the Au Ma and 
Cu Lao intensities measured at the surface of 
several Au-Cu alloys (Fig. 5). The intensity 
of the Au MoS satellite was independent of the 
Au and Cu concentrations. The Cu LaS satellite 
intensity increased when the Au concentration 
within the Au-Cu alloys increased; i.e., when 
the secondary fluorescence of the Cu La (928 
eV) induced by the generated Au Ma photons 
(2123 eV) also increased, leading to simultan- 
eous CK transitions induced by electrons and 
x-ray photons. 


Practical Constderattons 


There is a need to extend the available 
database for the prediction of the intensity 
of any x-ray emission line. Most of the avail- 
able data are derived from x-ray emission in 
thin targets induced by heavy particles of 
monoenergetic photons. Accurate quantitative 
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FIG. 3.--Results of fit to experimental Nd Ly, emission peak with a LiF monochromator. 
FIG. 4.--Comparison of wavelength separation distances between the nondiagram Lys and diagram 
Ly; lines of lanthanide elements as a function of wavelengths derived from experimental meausre- 


ments (this study) and from published data.°7® 


processing of high-resolution wavelength-disper- 
Sive of x-ray peaks combined with the analysis 
the in-depth distribution of the ionizations 
would probably contribute to the determination 
of physical parameters involved in the mecha- 
nisms of x-ray emission induced by electron bom- 
bardment of thick targets. 

For practical use, spectral deconvolution 
must be applied when peak area is used for 
x-ray intensity measurement in quantitative 
analysis by means of the EPMA, as illustrated 
by the two examples given in Table 2 and Fig. 
6. 

For the case of the analysis of Au-Cu alloys, 
results obtained either by the usual peak 
height measurement and peak areas derived from 
Au Mo and Cu La peak deconvolution were found 
to be in a good agreement. An excess in the 
calculated Cu concentrations was observed when 
the total peak and satellite areas were used 
for quantification (Table 2) consistent with 
the data in Fig. 5.1’ 

For quantitative purposes, peak deconvolu- 
tion must be used rather than total peak inte- 
gration when spectral distortions occur on both 
the peak and the underlying continuum (Fig. 6). 
The high-energy tailing of the Au La peak is 
the sum of CK transitions and of spectral dis- 
tortion resulting from the Johann mounting 
type of the LiF monochromator.’’ The sharp de- 
crease of the continuum intensity within the 
Au La wavelength domain has been explained in 
terms of diffraction from crystallographic 
planes other than those corresponding to the 
monochromator type.+® It is obvious from Fig. 6 
that both spectral distortion in the peak and 
continuous shape must be corrected to obtain 
reliable peak areas. 
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TABLE 2.--Comparisons of quantitative analysis 
of Au-Cu alloys as a function of Au Ma and 

Cu La intensity measurements. Pure Au and Cu 
were used as standards. The experimental con- 
centrations were processed according to the 
PAP correction procedure. 


Alloy ut % wut % wt 2% 
Cu Au Cu Au Cu Au 
80 Cu - 20 Au 805 .197 801 .201 815 .200 
60 Cu - 40 An 606 405 602 402 612 399 
40 Cu = 60 Au 409 611 403 e615 422 -612 
20 Cu — 80 Cu - 206 816 .205 817 219 815 


1. Peak height measurements as monochroma- 
tor is moved away from the Bragg angle of maxi- 
mum emission Au Ma and Cu La peaks. 

2. Peak area of Au Ma and Cu La emission 
peaks derived from fit to experimental data. 

3. Peak areas corresponding to total number 
of photons within Au Mo and Cu La emission 
lines and high-energy satellites. 


Coneluston 


The shape of wavelength x-ray peaks has been 
shown to be correctly described by a pseudo- 
Voigt function; i.e., a linear combination of 
a Gaussian distribution and a Lorentzian dis- 
tribution having the same width and amplitude 
and centered at the same wavelength. The peak- 
width calculated by quadrature addition of the 
instrumental resolution and the natural width 
of an x-ray emission line led to an approxima- 
tion that was sufficient to predict the width 
of any x-ray peaks and to detect the presence 
of low-energy and high-energy nondiagram lines, 
Spectral deconvolution of wavelength-dispersive 
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FIG. 5.--Variations of intensity ratios between 
high-energy satellites Au Ma , Cu LaS and 
their parent lines Au Ma, Cu Lo, respectively, 
as a function of composition of Au-Cu alloys. 


x-ray spectra using the simplified pseudo-Voigt 
function can be applied to quantitative analy- 
sis of complex spectra exhibiting peak over- 
laps, nondiagram lines, or any spectral distor- 
tion leading to a nonproportionality peak 
height vs peak area. In addition, physical 
parameters such as Coster-Kronig yields and 
double ionization cross sections for electron 
bombardment are also obtained from the K and L 
high-energy satellites. These data, derived 
from the analysis of thick targets by means of 
the EPMA, complement the available data derived 
from x rays induced by heavy particles or pho- 
tons in thin targets. 
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FIG, 6.--Effect of spectral distortions of Au La peak and associated continuum emission on ob- 
served x-ray peak characteristic of gold present at trace level: (a) Au La of a pure gold speci- 
men, (b) anomalous distribution of continuum distribution observed at surface of any target, 

(c) observed Au La peak observed at surface of specimen containing 1000 ppm gold. 


65 


J R Michael and Peter Ingram, Eds , Microbeam Analysis — 1990 
Copyright © 1990 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 


PRSUPR: A PC-BASED AUTOMATION AND ANALYSIS SOFTWARE PACKAGE FOR 
WAVELENGTH-DISPERSIVE ELECTRON-BEAM MICROANALYSIS 


J. J, Donovan and M. L. Rivers 


An acquisition, automation, and quantitative 
analysis program for wavelength-dispersive 
electron-beam microprobes is presented. The de- 
velopmental considerations and analytical ca- 
pabilities of the program are described. Hard- 
ware independence and state-of-the-art matrix 
corrections, plus the ability to run on an IBM 
PC or compatible are specifically addressed. 
The entire source code (24 000 lines of FORTRAN 
and Assembler) is available free as shareware 
for distribution to individuals and institu- 
tions. The program may be registered; regis- 
tration includes free updates and telephone 
consuitation, 


Objecttves 


Several commercial software packages are 
available for the acquisition, automation, and 
data reduction of microanalytical x-ray fluoro- 
scence data. Many of these programs provide 
useful capabilities and features for users of 
electron microbeam equipment. We feel that 
among the most important of these capabilities 
are the hardware independence and portability 
of the software platform. Of equal importance 
is the quality of the matrix correction soft- 
ware. In addition, the ability to run on an 
inexpensive and readily available microcomputer 
should also be a consideration. Specifically, 
the following criteria were applied in our de- 
velopment of an acquisition, automation and 
analysis software package. 


1. Enough hardware independence to run data 
acquisition and automation on a wide variety of 
microprobes with any configuration of stage 
and/or spectrometer components, which means a 
software package that can be configured easily 
to support various microprobes of unusual or 
unique arrangements for a variety of analytical 
requirements. 

2. Portability to acquire x-ray data when 
running on-line connected to a microprobe and 
also to reduce and reprocess x-ray data on an- 
other microcomputer when not acquiring data in 
real-time; that is, the ability to use the same 
analytical software off-line to examine one's 
previously acquired data without using up valu- 
able time on the microprobe. 

3. The ability to produce quantitative re- 
sults of the highest accuracy over the entire 
analytical range of the microprobe using the 
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most advanced matrix correction software avail- 
able. This feature is absolutely essential 
for modern quantitative microanalysis. 


Desertptton 


With the above objectives in mind we have 
developed and written a complete software pack- 
age called PRSUPR for data acquisition, auto- 
mation, and data reduction that runs under DOS 
on any IBM PC or compatible XT, AT, or 386 with 
640Kb RAM, a hard disk, and a math coprocessor. 
Real-time multitasking for running automated 
analyses in "background" is supported with a 
386 or 486 CPU under a suitable multitasking 
environment. No special graphics card or moni- 
tor is required to run the package. 

Program PRSUPR accommodates up to 16 ana- 
lyzed elements and 8 fixed concentration ele- 
ments in a single run for a total of 24 matrix 
corrected elements. Each analyzed element may 
be automatically corrected for up to two inter- 
fering elements. Both nonlinear MAN (mean 
atomic number) and automated off-peak back- 
ground corrections are available. The program 
automatically corrects for linear standard 
count drift using up to ten separate restan- 
dardizations. 

The program utilizes a simple yet versatile 
user interface that makes extensive use of mul- 
tiple choice menus and defaulted experimental 
parameters for exceptional ease of use. The 
program can save analytical setups to disk for 
use in setting up new analytical runs. The 
software includes complete documentation for 
users and for programmers who wish to modify 
the hardware interface. Figure 1 reveals the 
basic structure of the PRSUPR acquisition and 
user interface routines. 

The program contains just four hardware- 
dependent routines for interfacing to the mi- 
croprobe hardware for on-line data acquisition 
and automation. No modifications to the source 
code are necessary when the suggested commer- 
cially available motion control and digital 
I/O components are used, Other hardware can 
be supported with minor changes to the specific 
hardware-dependent routines. 

PRSUPR includes an extensive set of capabil- 
ities for microprobe stage and spectrometer 
automation as well as a complete collection of 
ZAF and $(pz) expressions for fully quantita- 
tive analysis from the well-known CITZAF ZAF 
matrix correction library written by John Arm- 
strong at the California Institute of Technol- 
ogy. The following is a brief description of 
these automation and analysis features in the 
PRSUPR software package and how they can be 
used, 


1. Automated standard data acqutsttton for 
unattended operation using predtgitized stan- 
dard samples referenced to calibrated fiducial 
marks or user-defined locations from a previous 
standardization, The program can input and 
spatially transform coordinate files of digi- 
tized standard mounts, containing any number of 
individual standards, for use in fully automat- 
ed standardizations. These standard mounts can 
be digitized in three dimensions (X, Y, and Z), 
a feature that provides extremely consistent 
reproducibility of standard analyses. The pro- 
gram allows the user to adjust the standard 
analysis coordinate positions while running in 
an automated mode and can save any user adjust- 
ments for future restandardization. 

The program also supports manual acquisition 
of standards and automatically saves the coor- 
dinates positions selected by the user for use 
in fully automatic restandardizations, if de- 
Sired. The user can also specify that the pro- 
gram must automatically offset its position 
when restandardizing to avoid analyzing the ex- 
act same position repeatedly when analyzing for 
volatile elements such as sodium, potassium, 
and chlorine. 


2. Automation for unknown sample spectmens 
using random selected points, line traverses, 
and x-y stage step scanning from user-defined 
Cartestan or trregular polygon grids input 
using a digtttzing device such as a mouse or 
trackball. Any combination of random points, 
line traverses, or step scans can be run fully 
automated. Again all coordinates can be digi- 
tized in three dimensions and referenced to 
physical fiducial reference marks on the sample 
and recorded to disk for purposes of relocating 
any or all unknown analyzed coordinates. In 
addition, the program can input digitized coor- 
dinate files from previously analyzed samples 
or independently generated data files (e.g., 
from a digitizing microscope). These digitized 
files may also be spatially transformed for ex- 
act relocation, in the microprobe, of selected 
points of interest. The digitized points from 
the coordinate file may also be run in a com- 
pletely automated fashion. 

The automation of unknown samples also in- 
cludes the ability to specify that any or all of 
the standards be rerun automatically at user- 
defined intervals during the analysis of unknown 
samples. This feature allows the program to 
correct for drift in the standard counts when 
the analysis of unknown samples requires extend- 
ed periods of time. In this way, the program 
can run completely unattended without the 
user's attention for days at a time. 


3. Spectrometer automatton routines can per- 
form a number of automated functions for mtero- 
beam analysts as well. Most important, is the 
ability to analyze automatically multiple ele- 
ments on each scanning spectrometer, which is 
essential for microprobes with a limited number 
of spectrometers. The program allows up to 16 
elements to be analyzed using as few as one 
scanning spectrometer. 

Full support of automated off-peak measure- 
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ments are included, as well as automatic wave- 
length scanning for qualitative analysis or 
peak shift and shape studies. In addition, 
the program can perform spectrometer peak 
alignments at user-defined analysis intervals 
for light elements that exhibit serious peak 
shift problems. 


4. The matrix correction software used in 
the analysts routines ts another very tmportant 
aspect of mteroprobe analysts. Extensive quan- 
titative matrix corrections for ZAF, $¢(pz), and 
nonlinear fit Bence-Albee methods’ are totally 
integrated into the PRSUPR acquisition and 
analysis package. 

The CITZAF? ZAF analysis library contained 
in the PRSUPR acquisition and analysis package 
performs on-line and off-line analyses. The 
quality of the analyses produced by this set of 
matrix corrections is unsurpassed for the quan- 
titative analysis of oxide, silicate, and 
metallic compounds and for minerals, glasses, 
and alloys. 

The specific correction used in the analysis 
of samples may be selected from nine different 
absorption models, three atomic number correc- 
tions, two backscatter models, two mean ioniza- 
tion equations, and--for the $¢(9z) absorption 
models--two different $>(oz) expressions. The 
traditional FRAME ZAF expressions are included 
for comparison purposes, 

In addition to the ZAF correction factors, 
both the traditional constant Bence-Albee ex- 
pression,* the linear UCB expression, and John 
Armstrong's nonlinear fit a-factors can be cal- 
culated and utilized in the analysis of data. 
The program also supports the use of empirical- 
ly measured calibration curves using k-ratios 
from literature or user-supplied measuremnts. 
The ability to use a modern Bence-Albee type of 
correction such as John Armstrong's nonlinear 
fit a-factors is especially useful when one is 
reducing large amounts of data from step scans 
or x-ray images, 


Summary 


The combination of on- and off-line proces- 
sing capability, along with the extensive auto- 
mation features, makes the PRSUPR software 
analysis package a useful and flexible environ- 
ment for electron-beam microanalysis. This 
package is an ideal upgrade for any wavelength- 
dispersive microprobe that lacks a modern auto- 
mation and analysis system. 
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STEPPED DIFFRACTOR FOR POINT FOCUSING OF MONOCHROMATIC X RAYS 


D. B. Wittry, S. Sun, and W. Z. Chang 


X-ray diffractors with a high collection effi- 
ciency for point focusing monochromators or for 
scanning monochromators have doubly curved sur- 
faces and doubly curved vlanes.* Because of 
the difficulties of fabricating these diffrac- 
tors from single crystals, we have explored the 
possibility of making better doubly curved dif- 
fractors by using a stepped diffractor struc- 
ture in which pieces of the diffracting mater- 
ial are elastically instead of plastically de- 
formed. In this paper we discuss the design 
considerations for diffractors with doubly 
curved surface steps, describe the fabrication 
of these diffractors, and show experimental re- 
sults for a diffractor approximating the Wittry 
geometry that was made with mica as the dif- 
fracting material. 


Design of Stepped Diffractors 


The objective of a stepped diffractor struc- 
ture that would have high collection efficiency 
is to provide a geometry similar to that which 
results from rotating the Johansson geometry 
about a line lying in the plane of the focal 
circle. In the Johansson geometry, the dif- 
fracting planes are cylindrically curved to a 
radius twice the radius of the focal circle and 
the surface is cylindrically curved to the same 
radius as the focal circle. For rays that lie 
in the plane of the focal circle, monochromatic 
x rays from a point source are focused exactly 
to a point image. The first consideration for 
the stepped diffractor is therefore to select a 
stepped diffractor structure that approximates 
the Johansson geometry in the plane of the fo- 
cal circle.?°3 The steps should have a curved 
surface in the plane of the focal circle paral- 
Jel to the planes of the Johannson geometry, 
j.e., curved to a radius of v2r in this plane. 
For ease of construction and theoretical analy- 
sis, we consider that the steps are of equal 
height, as shown in Fig. l. 

Tf the midpoint of the steps lie onthe focal 
circle the equation for the intercept of the 
surfaces of the steps and the focal circle is: 


cos oy =]-NE+E (1) 


In this equation, the radius of the focal cir- 
cle is taken as unity (the coordinates of the 
actual diffractor are divided by 2r to obtain 
dimensionless equations), $y is an angular 
coordinate about a point on the focal circle 
diametrically opposite the center of a symmetri- 
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cal diffractor, Ady is an angular coordinate 
expressing the position of a point on the Nth 
step, E is the step height, and N is the num- 
ber of the step where N ranges from 1 to M 
with M equal to the total number of steps on 
one side of the diffractor. 

If the focal circle passes through the step 
height at half the step height, the edges of 
the steps are given by 


cos on = 1 - NE + (E/2) (2) 
For a ray from the source S incident on the 
Nth step at a point P, the angle of incidence 
of the ray on the curved surface of the step 
differs from the Bragg angle 6p by A®8, where 
8B is the angle of incidence at the point where 
the step coincides with the focal circle. It 
may be shown from the law of sines that AO is 
given by 


Ad,, tan ¢ 
ese N N 


tan 8. 


- tan on (3) 


One condition on the design of a stepped dif- 
fractor is that the steps must have sufficient- 
ly small width so that the entire surface of 
the diffractor can be used, i.e., A9 <w/2where 
w is the width of the rocking curve of the dif- 
fractor material. 

A second condition that is important relates 
to the focusing properties of the rays after 
diffraction. If we neglect any deviation in 
the diffracted ray due to irregularities (or 
mosaic character) of the diffracting planes, 
the difference between the focal point in the 
image plane for the ray diffracted at P from 
the position of the correct image point is 
given in Fig. 1 by 


cos (0, + A®)cos by 


H = COs, * UG FAO) - cos 8, (4) 


For applications in which the focusing aberra- 
tion is important, the maximum number of steps 
required would be that number which would make 
the focusing aberration less than a given val- 
ue 

Equations (3) and (4) can be expressed in 
terms of the number of steps M for a diffractor 
of width corresponding to a maximum angle $y by 
noting that 


1 - cos ou 


oP yee 


(5) 
The largest values for the deviation from 
the Bragg angle and the focusing aberration are 
obtained for the rays striking the diffractor 

at the greatest distance from the midpoint. 
Examples of these two values as a function of 
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FIG. 1.--Plan view of focal circle. 
FIG. 2.--|H| and A® vs number of steps. 
FIG. 3.--Two important diffractor geometries. 


the number of steps is shown in Fig. 4 for a 
Bragg angle of 45°. Since Eq. (4) is not syn- 
metrical in $y, two plots are shown for H; the 
solid lines correspond to positive values of 
oN, the dashed lines for negative values. 


Diffractors with Doubly Curved Steps" 


As shown by Wittry and Sun,* high-efficiency 
diffractors can be obtained by a geometry that 
corresponds to rotating the Johansson geometry 
about a line that lies inthe plane of the focal 
circle. Two cases are important, as shown in 
Fig. 3. In the first case, the point-to-point 
focusing geometry is obtained by rotation of 
the section of the diffractor lying in the 
plane of the focal circle about a line passing 
through the source and image points. In the 
second case, which provides a diffractor with a 
high efficiency over a wide range of Bragg an- 
gles, the geometry corresponds to rotating the 
section about a line passing through a point 
diametrically opposite the midpoint of a symmet- 
rical diffractor and parallel to the line be- 
tween the source and image points. This con- 
figuration is analogous to the diffractor with 
continuous surface that was first described by 
Wittry.° 

For both the point-to-point case and the 
Wittry case, the width of the diffracting mater- 
ial's rocking curve imposes a fundamental limi- 
tation on the spectral resolution when the dif- 
fractor is used as a monochromator. In other 
words, the spectral resolution of the diffractor 
with doubly curved steps can be better than that 
of a diffractor of less optimal geometry (e.g., 
the Johann geometry) but it will not be better 
than a corresponding diffractor with continuous 
surface. A similar conclusion also applies 
with regard to the fraction of the diffractor's 
surface over which the angle of incidence lies 
within 6p + A; as the number of steps on the 
stepped diffractor increases, the effective 
area increases, but it will not exceed the ef- 
fective area of the corresponding diffractor 
with continuous surface. The latter result has 
been confirmed by detailed calculations taking 
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account of rays striking the diffractor's sur- 
face at points ranging over the entire sur- 
face.° 

Understanding of the effect of the diffract- 
ing material's rocking curve on the focusing 
properties of the diffractor requires a detailed 
knowledge of the physical basis of the rocking 
curve. Ifthe diffracting planes are ideally 
smooth and have uniform spacing, reflection of 
x rays by the diffracting material is like re- 
flection of light by a mirror; no angular 
spreading takes place (even though there may be 
wavelength spreading due to the use of a small 
number of diffracting planes). On the other 
hand, if the diffracting material has a mosaic 
or wavy structure, reflection of x rays by the 
material is like reflection of light by an im- 
perfect mirror; in this case, the wavelength 
dispersion is accompanied by a spreading of the 
reflected beam even though the incident beam 
has the correct directions. 

From the foregoing considerations it can be 
seen that there is no significant advantage in 
a stepped diffractor geometry with respect to 
spectral resolution or collection solid angle 
when the corresponding diffractor with a con- 
tinuous surface can be fabricated. The real 
advantage of the stepped diffractor is that it 
is possible to fabricate this type of diffrac- 
tor from materials that could not otherwise be 
used and that it is possible to fabricate dif- 
fractors with large area and/or small radii of 
curvature. 


Fabrication of Diffractors with Doubly Curved 
Steps 


A large number of possibilities exist for 
fabricating diffractors having steps with doub- 
ly curved surfaces. The diffracting material 
may consist of single crystal material stacked 
together, thin sheets of single crystal material 
mounted on the doubly curved surfaces of steps 
ona substrate, small pieces or flakes of single- 
crystal material mounted on the doubly curved 
surfaces of the steps, or layered structures 
deposited on the doubly curved surfaces of the 
steps. For the present work, we used sheets of 
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FIG. 4.--Schematic diagram showing fabrication 
of molds. 
mica mounted on a suitably contoured substrate. 

For testing the possibilities of fabricating 
material on the steps of a substrate, we decid- 
ed to use the stepped approximation to the Wit- 
try geometry because the substrate configura- 
tion is the same for all Bragg angles, whereas 
the ‘point-to-point case requires a different 
substrate configuration for each Bragg angle 
and hence for each diffracting material.? 

The substrate was made by first preparing a 
concave mold in a modified milling-drilling ma- 
chine and its x-y table motion along with a 
"spin indexer'' mounted on a rotary table to 
provide two perpendicular axes of rotation. 

The arrangement is shown schematically in Fig. 
4, To approximate the Wittry geometry, the 

two rotation axes are adjusted to intersect 
since the desired surfaces of the steps are 
spherically curved. For the point-to-point 
focusing case, the two axes would be offset 
from each other because the desired surfaces of 
the steps are toroidally curved. The steps are 
machined with a single point tool clamped in a 
fixed position and the rotary table motion is 
used to machine each step after setting the 
depth of cut by use of the x motion of the x-y 
table. 

The mold was machined from aluminum rod 3.8 
cm in diameter. Aluminum was used for ease of 
fabrication, although stainless steel would be 
preferred. Five steps 0.15 mm high with sur- 
faces with a radius of curvature of 10 cm were 
machined on each side of the central portion; 
this corresponds to the Wittry geometry for a 
5cm radius focal circle. The concave substrate 
was cast over the mold using a two-part polyes- 
ter resin. After hardening, the casting was 
milled to 2.5 cm square. Mica was split into a 
sheet approximately 0.02 mm thick and 11 pieces 
ranging from 1.24 to 7.84 mm in width and match- 
ing the shape of the steps were cut from the 
same mica sheet with a razor blade. These 
pieces were attached to the steps on the sub- 
strate one at a time with acrylic lacquer. Af- 
ter each piece was mounted, the substrate and 
mold were quickly clamped together in a vise to 
shape the mica to the surface of the step. Al- 
though this may seem like a laborious procedure, 
it is actually much easier to carry out than the 
procedures that have been used for fabricating 
corresponding diffractors from single crys- 
tals.’°°® For fabricating diffractors with a 
significantly larger number of steps, photoli- 
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FIG. 5.--Image of focus for mica diffractor with 
five steps 0.15 mm high on each side of cen- 
tral portion (Wittry case, 2.5 x 2.5cm dif- 
fractor on 5cm-radius focal circle, Cu Ka 
radiation). 


thography could be used to increase the speed 
and accuracy of forming the small pieces of 
diffracting material required. 

The completed diffractor was tested using 
Cu Ka radiation from a microfocus source and 
Polaroid type 57 film to record the focus 
formed by the Sth order diffraction from the 
mica (@p = 22.76°). Figure 5 shows the image 
obtained in 1 min with the x-ray source oper- 
ating at 20 kV and 50 uA. An x-ray topograph 
that results when the film is placed near the 
diffractor showed separate lines from the in- 
dividual pieces of mica; these lines had some 
small irregularities along their length, pre- 
sumably due to imperfect bending. However, as 
can be seen in Fig. 5, the focus from all of 
the steps merge into a single line focus. The 
result shown was obtained with the first 
stepped diffractor that was made; it is expect- 
ed that better results can be obtained with re- 
finements of the fabrication procedures and 
more careful consideration of the materials 
used for the mold, substrate, and cement. 


Summary and Conelustons 


Equations and criteria were established for 
the design of stepped diffractors and a mica 
diffractor was constructed and tested. The 
preliminary results indicate that the stepped 
diffractor structure may be an important solu- 
tion to the problem of fabricating high-effi- 
ciency diffractors for use with point sources 
of radiation. 

These diffractors have important applica- 
tions to instruments for materials character- 
ization techniques, such as microprobe x-ray 
fluorescence (MXRF), scanning electron micros- 
copy (SEM), transmission electron microscopy 
(TEM), x-ray photoelectron spectroscopy (XPS), 
proton-induced x-ray emission (PIXE), etc. 
These diffractors may also be useful as x-ray 
optical elements, for example in x-ray astron- 
omy or in x-ray scattering experiments. The 
advantages include economical fabrication and 
the possibility of making diffractors of vir- 
tually unlimited size. 
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SOFTWARE TOOLS FOR EXAMINATION OF MICROANALYTICAL IMAGES 


D. S. Bright 


Digital image processing is used to enhance and 
interpret micrographs. Software tools, now 
available for desk top computers at reasonable 
cost, allow animation of short image sequences, 
real-time rotation of three-dimensional graphs, 
and manipulation of the color look-up table or 
palette of the display device. These capabili- 
ties help to visualize microscope stage drift, 
the spatial relationships pf two or three chem- 
ical constituents in elemental images, and the 
concentration relationships of three and four 
constituents in x-ray maps. These uses are il- 
lustrated as much as possible with still black 
and white images. 

The software tools discussed in this paper 
are programs written for a Macintosh* computer. 
The tools augment the image acquisition and 
processing done on minicomputers having operat- 
ing systems with virtual memory. The minicom- 
puters are connected to our microscopes and sup- 
port the LISPIX image processing, system, * 
which is written in FORTRAN and LISP. Because 
LISPIX works in the traditional minicomputer 
environment where commands are entered via the 
keyboard, it lacks capability for certain func- 
tions that are done easily with the tools dis- 
cussed in this paper. A computer network is 
used heavily to transfer images between the 
minicomputers and the desktop computers. 


The Tools 


NIH IMAGE?>* is a program for displaying and 
processing images, and for measuring images un- 
der direct operator control. NIH IMAGE is use- 
ful for examining images because it has func- 
tions to zoom, scroll, smooth, and sharpen the 
images and to modify the color palette for con- 
trast enhancement. Threshold settings can be 
tested, and particles counted and measured. 

This program also displays histograms and shows 
intensity profiles. Parts of images are easily 
selected and annotated for making illustrations. 

MaxSpin" is used to display three-dimenssion- 
al graphics and perform rotations in real time. 

NCSA PalEdit® is a palette editor and dis- 
play utility. The palette diagrams for this 
paper were made with this utility. 

The following examples show how these tools 
have been useful in our microanalysis applica- 
tions, 


The author is with the Microanalysis Research 
Group, Center for Analytical Chemistry, National 
Institute of Standards and Technology, Gaithers- 
burg, MD 20899. Macintosh is a registered 
trademark of Apple Computer, Inc. Certain com- 
mercial equipment, instruments, or materials 

are identified in this report to specify ade- 
quately the experimental procedure. Such iden- 
tification does not imply recommendation or en- 
dorsement by NIST, nor does it imply that the 
materials or equipment identified are necessar-~ 
ily the best available for the purpose. 


Image Sequences 


NIH IMAGE can animate or show short image 
sequences in rapid succession. Many images can 
be loaded at once, and the animation can be en- 
hanced by modifying the palette of just one of 
the images. The images can be animated at var- 
iable speed forward or backward, and can be 
"flipped through" with keystrokes. 


Visualtazing Stage Drtft of Eleetron Mtero- 
scope. Short image sequences are useful for 
showing dynamic effects such as the drift of 
an electron microscope stage. TEM images at 
approximately 400x were taken at 12min inter- 
vals for a little over 2 h. The first frame 
(Fig. 1) was taken shortly after the micro- 
scope was turned on. 

In the animation, the stage drift appears 
initially as rapid motion of the particles to 
the lower right. The movement slows down and 
almost stops after the 2h interval; thus, for 
automated analysis at this magnification, the 
warm-up period for the microscope should be at 
least 2h. 

A mosaic of the sequence (Fig. 2} shows the 
upper left portion of every other frame. It is 
harder to gauge the motion of the stage from 
this mosaic. 

Six of the frames in Fig. 2 are superimposed 
in Fig. 3. Since these images are bright field 
with small dark particles, we made the superim- 
position (with the LISPIX image processing sys- 
tem) by taking the minimum value for each pixel 
location, over all six images. The positions 
of the small particles show the asymptotic 
slowing of the stage drift. 


Depth Proftling with Ion Microscope. The 
ion microscope erodes the sample by sputterinng 
as it collects images. A series of images thus 
shows the interior of a sample as if it were 
being sectioned. Fifty-eight 01° images were 
taken in sequence as the ion beam eroded a 
single crystal of Ba-Y-Cu, ceramic supercon- 
ductor. The images are 256 x 256 pixels, the 
field width is 150 wm, and about 1 mm of mater- 
ial was eroded between each frame. Every fifth 
image appears in the mosaic (Fig. 4). Anima- 
tion of these images has the effect of time 
averaging the noise, so that faint blobs become 
more visible than when one still frame is 
viewed. The erosion and thus the 01° depth 
profile of the crystal area can be seen as 
well. 


Determinatton of Refractive Index with Light 
Mieroscope. When particles are immersed in a 
matching refractive index fluid, the edges of 
the particles have least contrast at the wave- 
length and temperature at which the index of 
the fluid matches that of the particles. Figure 
5 is a typical transmission light micrograph of 
glass particles and Fig. 6 is a series of im- 
ages showing different amounts of grain con- 
trast at different temperatures. Figure 6 


73 


shows changes between the frames, but it is 
easier to view the full-sized images with NIH 
IMAGE and either animate or rapidly switch from 
one frame to another to see the effect of tem- 
perature on the visibility of the edges of the 
particles. The stage shifted a small amount in 
the middle of the sequence, which is much easier 
to notice from the animation than from the 
mosaic. 


Coneentration Histogram Image (CHI) 


The values of the pixels of registered images 
or x-ray maps can be accumulated in a multidi- 
mensional histogram (Concentration Histogram 
Image or CHI°). These concentration histogram 
images provide an easy method for viewing the 
intensity or concentration information of regis- 
tered x-ray maps and searching, for example, 
for clusters that might represent phases in the 
material. The number of registered maps deter- 
mines the dimension of the histogram; two, 
three, and four components can be viewed at 
once with two-, three-, and four-dimensional 
CHIs. Two-dimensional histograms are viewed as 
scatter diagrams’’° or as suitably pseudo- 
colored images? in which the bins appear as 
pixels colored with a thrermal scale to show 
counts (@.2., Figs. 7): 


3-D Real-time Rotatton. Three-dimensional 
CHIs are rendered with 256 x 256 x 256 bin res- 
olution as two-dimensional perspective projec- 
tions with LISPIX. This representation is use- 
ful once the general shape of the CHI is known. 
Since the CHI can be an arbitrary pattern of 
points that is unfamiliar, it must be examined 
from several viewpoints to ascertain its shape. 
With MacSpin, the CHI can be plotted and pseudo- 
colored to match the LISPIX display, and then 
rotated in real time. 

To review the CHI with MacSpin, the CHI is 
transferred to the Macintosh by first generating 
the three-dimensional histogram (with LISPIX) 
but at reduced resolution; there is space for a 
64 x 64 x 64 array in LISPIX but not for a 
256 x 256 x 256 array. Also, the reduced reso- 
Jution results in fewer bins to be sent to 
MacSpin. LISPIX writes a text file with a spec- 
ified number of populated bins, one per line, as 
x, y, and count. These data are in turn read by 
MacSpin. LISPIX changes the resolution or bin 
size until the number of populated bins is no 
greater than that specified. A file with a few 
thousand populated bins is satisfactory for 
viewing the shape of the CHI. 

Two examples of three-dimensional CHIs ap- 
pear with two orientations each in Figs. 8 and 
9. Figure 8 is the three-dimensional CHI for 
the Al-Li-Cu alloy that is in two-dimensional 
form in Fig. 7. The left view is similar in 
perspective to the views usually plotted with 
LISP1X, The CHI was checked for planarity 
simply by slow rotation about a vertical axis. 
At some point, the plane will be seen on edge, 
as in the right view (Fig. 8). The planarity 
of the CHI suggests that the two-dimensional 
CHI of Fig. 7 can be used for further study, 
with no risk of missing information. 
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Fig. 9 shows a CHI for a Mg-Co-V ceramic 
that is not planar, so that projections of 
CHI must be used with care. The left view 
might suggest a planar shape much like the CHI 
in Fig. 8, but the rotated view shows that the 
cloud of points extends back to the origin as 
well as extending parallel to the Co axis. 

The two- and three-dimensional CHIs are 
with what we call the "'traceback'"' function, 
where regions of points in the CHI are out- 
lined and the corresponding pixels in the orig- 
inal maps are highlighted. To outline a region 
in three dimensions, a closed region is drawn 
with a mouse on a two-dimensional projection. 
This loop defines a cylinder extending back 
along the line of sight. When outlining in 
this way, rotation helps to select the best 
viewpoint, so that there are few points that 
appear to be in the outlined cluster that are 
really distant along the line of sight. 


the 


used 


4-D Image Sequence. Four-dimensional CHIs 
are rendered by showing a sequence of three- 
dimensional CHIs corresponding to a threshold 
steadily moving along the fourth CHI axis. The 
clustering of bins along this axis stands out 
in the animation, but it is also evident after 
study of the mosaic in Fig. 10. 


Palette Mantpulation for Displaying Voteano 
Plot 


The palette on most common display devices 
has 256 entries. Each entry specifies the 
brightness level for red, green, and blue, and 
therefore the color, for one numeric value of 
the 8-bit pixels in the display memory. With 
NIH IMAGE, the palette in the Macintosh can be 
stretched or shifted in real time, and the re- 
sulting contrast enhancement of the image can 
be observed simultaneously. With a palette 
that can be shifted, images of the direction 
of the gradient* can be displayed in a more 
flexible and simpler way than by showing spe- 
cially processed* images but with a normal 
palette. 

The direction of the gradient (volcano plot) 
is useful for such things as visualizing ob- 
jects (or edges of objects) with low brightness 
in the presence of objects with high bright- 
ness. Figure 11 shows an ion microscope barium 
image of particles, with blooming due to var- 
ious components in the imaging system. Signal 
from bright pixels bleeds into neighboring pix- 
els that would otherwise be background. (Bet- 
ter imaging systems that reduce blooming are 
now available.} The particles gradually fade 
out so that it is difficult to tell what re- 
gions of the image represent background. The 
volcano plot shows the background regions 
clearly. 

Initially, the volcano plot has values 
ranging from 0° to 360°. Since the pixel val- 
ues in such a plot represent direction or 
angle, a gray ramp would not be a reasonable 
representation because 0° and 360°, which would 
be displayed as black and white, are really the 
same direction. A palette that varies smoothly 
and that gives 0° and 360° the same brightness 


analytical electron microscope, STEM mode, 50um field 

width. Particles used to mark stage position. 

FIG. 2.--Mosaic of time series of images. Only upper left part of each image shown. 

FIG. 3.--Superposition of frames in Fig. 2. Motion seen as downwards and to right. 

FIG. 4.--Mosaic of representative frames in a 60-image sequence. Ba-Y-Cu ceramic superconductor 

single crystal, ion microscope, 07° image, resistive anode encoder detector. Image width 250 

um. About 50 R depth increment between frames in this mosaic. Image pseudocolored before black- 
and-white photograph to improve contrast between signal levels. Images courtesy of Greg Gillen, 

Microanalysis Group, Center for Analytical Chemistry, NIST. 

FIG. 5.--Transmission light micrograph of glass fragments (approximately 2 mm across) in an index 
matching fluid. Image width 5 mm, Micrographs taken by Eric Steel, Microanalysis Group, Center 

for Analytical Chemistry, NIST. 

FIG. 6.--Mosaic of series of frames like Fig. 5; only upper left part shown. 
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FIG. 7,--Example of two-dimensional CHI, Al-Li-Cu alloy: x axis, Al (0-80 at.%); y axis, Li 
(0-50 at.%) Projection of planar three-dimensional CHI (Fig. 8). Ion microscope images along 
bottom; Al, Li, Cu: 150ym field width. 

FIG. 8.--Three-dimensional CHI, Al-Li-Cu alloy, two views. CHl is planar. 

FIG. 9.--Three-dimensional CHI, Mg-Co-V ceramic, two views. CHI is not planar. 

FIG. 10.--Four-dimensional CHI, Raney Nickel; horizontal axes, 2 background regions of EDS spec- 
trum; vertical axis, Al. Three-dimensional CHIs sequenced along Ni axis. 

FIG. 11.--Ion microscope barium image of particles. Blooming caused by imaging system. 150um 
field. 

FIG. 12.--Palette diagrams for display of volcano plot. One palette shifted with respect to 
other. Upper gray level bands show display intensity. Graphs below them show display intensity 
(0-255) vs pixel value (0-255). 
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FIGS. 13-15.--Volcano plots showing direction of gradient for Fig. 11, using palette in Fig. 12 


shifted by various amounts. 


Band at left shows palette. 


FIG. 16.--Palette diagram for color display of volcano plot. 


is shown in Fig. 12, top. Figure 12, bottom, 
shows a shifted version of the same palette. 
Figures 13, 14, and 15 show the volcano plot 
with the palette shifted various amounts. The 
effect of shifting the pallet is to change the 
apparent illumination direction. 

Reading of angles from the image by use of 
the gray scale can be ambiguous because of the 
two gray ramps back to back that cover different 
ranges of angle. If the ambiguity should be a 
problem, ramping the red, green, and blue colors 
separately, as in Fig. 16, removes the ambiguity 
and has the effect of illuminating the peaks 
with red, green, and blue lights spread 120° 
apart. 


ConeLlugton 


Special purpose real time image processing 
tools available for the Macintosh along with 
computer networking for image transfer, help 
solve image analysis problems. The tools can 
animate image sequences, display and rotate 
three-dimensional graphics, and manipulate the 
palette. The tools save time: it took longer 
to make the illustrations than it took to use 
the tools to explore the problems. 


LT 


References 


1. D. S. Bright, "A Lisp-based Image Analy- 
Sis with Applications to Microscopy," J. Mz- 
croscopy 148(Pt. 1):51-87, 1987. 

Ze Re Re O'Nert1, DL. G.- Mitchell, <...R. 
Merril, and W. S. Rasband, "Use of image analy- 
sis to quantitate changes in form of mitochon- 
drial DNA after x-irradiation,'"' Applied and 
Theorettcal Electrophorests 1: 163-167, 1989. 

3. W. Rasband, NIH IMAGE: An image process- 
ing software package for the Macintosh II. 
Available free of charge from Wayne Rasband, 
NIH, Bldg. 36, Rm. 2A03, Bethesda, MD 20892. 

4, A. W. Donoho, and C. W. Olson, MacSpin 
V. 2.0, Graphical Data Analysis Software, 

D? Software, Inc., Box 9545, Austin, TX 
78766-9546. 

5. National Center for Supercomputing Appli- 
cations, University of Illinois, NCSA Software 
Development-PalEdit, 152 Computing Applications 
Bldg., 605 E. Springfield Ave., Champaign, IL 
61820. 

6. D. S. Bright, D. E. Newbury, and R. B. 
Marinenko, "Concentration-Concentration Histo- 
grams: Scatter diagrams applied to quantitative 
compositional maps,'' Microbeam Analysis—-1988,, 
18-24. 


7. R. Browning, "New methods for image col- 
lection and analysis in scanning Auger micros- 
copy,'' J. Vae. Set. Technol. A3(3): 1959-1964, 
1985, 

8. R. Browning, "Materials analysis by scan- 
ning Auger microscopy: Why the information 
crunch is needed," Mtcrobeam Analysts--1987, 
311-316. 


78 


J R Michael and Peter Ingram, Eds , Microbeam Analysis — 1990 
Copyright © 1990 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 


HIGH-PURITY GERMANIUM DETECTORS FOR EDS 


J. J. McCarthy, M. W. Ales, and D. J. McMillan 


High-purity germanium (HPGe) detectors offer 
multiple advantages for x-ray microanalysis in 
electron microscopes. These advantages include 
improved detector efficiency at photon energies 
above 20 keV and higher energy resolution than 
can be obtained with a lithium drifted silicon 
detector [Si(Li)]. In the past, the use of 
HPGe detectors for energy-dispersive spectros- 
copy (EDS) at photon energies below about 2 keV 
was impossible due to severe distortions of 
peak shapes and large shifts in peak positions. 
These effects are the result of incomplete 
charge collection and are most pronounced at en- 
ergies just above the energy of the germanium L 
absorption edges (1.2 to 1.4 keV).*~* Using 
new processing techniques, we have manufactured 
30mm? HPGe detectors that do not exhibit signif- 
icant spectral peak distortion from incomplete 
charge collection. These detectors have been 
used for EDS applications in transmission elec- 
tron microscopy (TEM) and scanning electron mi- 
croscopy (SEM). In this paper we review the 
properties of these detectors and comment on 
their use for microanalysis. 


HPGe Detector Performance 


Several factors contribute to peak shape and 
resolution of HPGe detectors. The shape of the 
peak is primarily distorted by the effect of in- 
complete charge collection in the detector. The 
major causes attributed to incomplete charge 
collection are trapping of charge carriers in 
the bulk material of the sensitive volume or at 
the surfaces of the detector. In particular, 
the front surface with its associated "dead lay- 
er' (a region of minimal charge collection) was 
thought to be the limiting factor in previous 
HPGe detectors. These phenomena are also pres- 
ent in Si(Li) detectors. Several measurements 
have been adopted that indicate quality of the 
charge collection in a detector. These measure- 
ments include the ratio of full-width-tenth- 
maximum (FWTM) to the full-width-half-maximum 
(FWHM), the statistical broadening or disper- 
sion (D) of spectral peaks (measured peak reso- 
lution (FWHM) less the electronic noise sub- 
tracted in quadrature), peak-to-background ra- 
tios, and estimates of the dead-layer thickness. 
The resolution of a peak is determined by the 
dispersion D and the electronic noise of the en- 
tire spectrometer. D is defined by 


D = V5.52FeE 


where & is the energy of the peak, F is the 
Fano factor, and « is the mean number of elec- 


The authors are at Tracor Northern, Inc., 
2551 West Beltline Highway, Middleton, WI 
53562. 
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tron-hole pairs produced per unit energy. 
Given that the Fano factor has been shown to 
be roughly equal for Ge and Si,* and that eGe 
is 27% less than eg;, the resolution of an 
HPGe detector is better than the resolution of 
a Si(Li) detector. The difference in « also 
leads to improved signal-to-noise ratio for 
HPGe, which reduces the noise linewidth. 

These predictions are confirmed by measurements 
on actual devices. In detectors we have pro- 
duced to date, these factors have led to typi- 
cal resolutions at Mn in the range (+lo) of 
127 eV to 137 eV for a 30mm? detector which 
employs a standard FET in the head amplifier. 
Resolutions as low as 122 eV have been 
achieved. This resolution is 10 to 20 eV bet- 
ter than premium Si(Li) detectors of the same 
size, 

Figure 1 presents a comparison of the peak 
shapes obtained from an HPGe detector produced 
by a previous method and a new detector pro- 
duced with our current process. The data in 
this figure were collected with a small porta- 
ble source-excited x-ray fluorescence system 
(XRF) in order to obtain peak profiles with 
minimum background. During these experiments 
the same detector cryostat was used and only 
the detecting element changed. Figure 1 (a) 
presents a series of peaks, collected with a 
detector produced by the prior techniques, that 
approach the energy of the Ge L edge from the 
high side. The distortion increases as the 
edge energy is approached until it would be 
difficult to resolve the adjacent Al and Si 
peaks in a spectrum containing both. Figure 
1(b) presents the same peaks collected with an 
improved detector, These peaks exhibit symmet- 
rical shapes and peak centroids at the proper 
position. Figure 1(c) compares Al peak shapes 
for the two detectors. The theoretical FWIM/ 
FWHM ratio for a Gaussian peak shape is 1.82. 
The FWIM/FWHM for the Al peak from the improved 
detector is 1.89, which indicates a nearly 
Gaussian shape. 

We have also made measurements of disper- 
sion, FWIM/FWHM, and dead layers to character- 
ize the charge collection of these devices. 
Table 1 summarizes measurements of charge-coi- 
lection-related quantities for both a HPGe and 
a Si(Li) detector. Both devices were 30 mm? in 
area; the HPGe device was 4 mm thick, the 
Si(Li) device 3 mm thick. Both detectors ex- 
hibit Gaussian peak shapes as indicated by the 
FWTM/FWHM ratios. The dispersion values indi- 
cate Fano factors in the range of 0.11 for both 
detectors, in good agreement with values cited 
by other researchers.*** The values for the 
HPGe detector are equal to or less than those 
for the Si(Li), in general agreement with the 
predictions made above. As a result, for equal 
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FIG. 1.--Comparison of peak shaped of Al, Si, S, 
and Ca. Detector fabricated by (a) previous 
methods, (b) new process. Peak distortions in- 


crease as energy of peak approaches energy of 
Ge L edge. In (b) peaks are symmetrical and at 
proper energy in spectra from new detector. 
Figure 1{c) compares only Al peaks from both 
detectors. All peaks have been arbitrarily 
scaled to provide better visual comparison and 
peak height is not related to detector perfor- 
mance. 


TABLE 1.--Comparison of charge collection 
properties for premium 30mm? HPGe and Si (Li) 
detectors. (Td is the measured dead layer 
thickness for a single device.) 


device, 


Si 


Parameter 
FWTM/ FWHM 


Dispersion (e¥) 


FUHM @ 60 eV 
noise width 


FWHM @ 75 eV 
noise width 


P/B @ 1 keV 6500:1 to 14000:1 4000:1 to 8000:1 


Td (um) 


0.12 + 0.02 0.20 + 0.03 


the HPGe 


contributions from electronic noise, 
detector provides superior peak resolution. 
The impact of this improvement on microanalysis 


is discussed below. The Na values for HPGe 

are elevated due to the proximity of the Ge L 
edge. We have observed increases of the FWTM/ 
FWHM ratio and D of the order of 10% in the vi- 
cinity of absorption edges in both HPGe and 
Si(Li) detectors. Such increases can lead to 
slight peak tails and modest shifts of peak 
centroids to lower energies. 

The higher stopping power of germanium leads 
to increased detection efficiency relative to 
silicon at x-ray energies above about 20 keV. 
This improvement is illustrated in Fig. 2, 
based on 3mm-thick detectors. In the 50-80keV 
range, germanium is more than 5 times as effi- 
cient as silicon. In addition, because of in- 
creased absorption the HPGe detector has a much 
smaller background from Compton-scattered pho- 
tons of high energy lines that enter the detec- 
tor, which leads to improved detection sensi- 
tivity at low energies. These properties have 
been compared for HPGe and Si{Li) by use of an 
Am*"*? source mounted in a fixed configuration 
on the end of the detector tube. In order to 
minimize geometric changes, the two devices 
were swapped into the same cryostat assembly. 
The result is shown in Figs. 3 and 4. Figure 
3 compares the peaks due to the 59.5keV gamma 
line. The measured peak ratio improvement of 
the 59.5keV line relative to the 26.4keV gamma 
line is 9.7, which is even better than the conm- 
puted improvement value of 8.8. The difference 
may be caused by errors in mass absorption co- 
efficients. Figure 4 displays the lower-energy 
portion of the same spectrum and illustrates 
the reduced Compton background in the HPGe de- 
tector. The ratio of backgrounds at 2.5 keV is 
roughly 10:1. 


Considerations for Microanalysis 


Eatended Energy Range. The high-energy pho- 
ton detection efficiency and the improved dis- 
persion discussed above suggest that the HPGe 
detector should be preferred in TEM applica- 
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FIG. 2.~-Photon absorption in % of 3mm-thick slices of silicon and germanium. Energies of Ka 
lines for select elements are indicated by vertical bars. 
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FIG. 3.--Comparison of 59.6keV peaks from HPGe (gray) and Si(Li) (black) detectors. Spectra were 
produced by Am**? source. Identical excitation conditions were obtained by swapping of detector 
crystals into the same spectrometer housing. Am**? source was attached to spectrometer so as to 


yield reproducible geometry for excitation. 
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FIG. 4.--Comparison of low-energy spectrum from an HPGe detector (black) with same spectrum from 
Si(Li) detector (gray) collected under the conditions given in Fig. 3. 


Background from Compton 
scattering of high-energy lines in HPGe spectrum is about one-tenth that in Si(Li) spectrum. 


Spectral Display EDSi — spectrumZ.eds 
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FIG. 5.--Comparison of W spectrum from HPGe (gray) and Si(Li) (black) detector collected under 
similar conditions on the same TEM. Specimen was relatively thick and HPGe spectrum clearly 
shows broad background below W K lines due to Compton scattering of photons in specimen. 
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tions. Figure 5 presents a comparison of the 
spectra from a relatively thick W specimen col- 
lected on the same 200kV TEM with HPGe and 
Si(Li) detectors under similar excitation con- 
ditions. The two spectra were normalized at 
the W La peaks. The W Ka and Kf lines are well 
resolved and prominent in the HPTGe spectrum, 
but barely visible in the Si(Li) spectrum. In 
addition, the large shoulder (due to Compton 
scattering in the specimen) below the K-lines 
is prominent in the HPGe spectrum, but is only 
weakly seen at much lower energy in the Si(Li) 
spectrum, 


Escape Peak Removal. Due to the Ge K edge 
at 11.103 keV, the escape peaks from higher-en- 
ergy lines can complicate analysis of the low- 
energy spectrum. A current example is the 
analysis of the yttrium barium copper supercon- 
ductors. The K escape peaks from Y appear 
right in the midst of the Ba L lines! Unfor- 
tunately the commonly used channel-by-channel 
escape peak removal algorithms employed to the 
Si(Li) detector may fail when applied to Ge es- 
cape peaks, because the large energy separation 
from the main peak leads to a difference in res- 
olution such that simple subtraction leaves 
prominent residuals in the spectrum if the es- 
cape peak is large. We have found that the 
straightforward inclusion of fitting references 
for the escape peaks can be used to fit and re- 
move peaks for spectral analysis. Work is un- 
der way to develop a more automatic means of 
removing escape peaks. 


Improved Detection Limits. As illustrated 
above, the lower dispersion of the HPGe detec- 
tor leads to improved peak resolution values 
over those from a Si(Li) detector. In devices 
we have made to date, that is particularly true 
for low-Z elements, where the dispersion of the 
Si(Li) detector is increased due to dead layer 
and proximity to the Si L edge. It canbe shown 
that improved resolution leads directly to low- 
er elemental detection limits, which results in 
enhanced detection sensitivity in cases of over- 
lapped peaks, or when the relative peak heights 
are Significantly different. This correspon- 
dence is easily established by consideration of 
the expression of Ziebold,° which estimates the 
minimum detectable concentration of an element 
in a given specimen to be 


ay 3.29a/[(P/B) Pt]? 


where P/B is the peak-to-background ratio, P is 
the peak intensity in counts per second per nA, 
t is the total counting time in seconds, and 

the parameter a depends on the specimen compo- 
sition. For a given beam current_and counting 
time, the factor Fp, = 1/[(P/B)P]2 can be used 
to compare two detectors. Two important conclu- 
sions can be immediately drawn from this equa- 
tion. 

First, since the P/B ratio increases as peak 
resolution decreases (FWHM), the detection lim- 
it decreases as the FWHM decreases. Since the 
resolution of an HPGe device is generally bet- 
ter than that of an Si(Li) of the same size, 


TABLE 2.--Comparison of Cp, for overlapped 
peak vs peak FWHM for two values of relative 
peak height. Calculations assume a fixed peak 
separation of 100 eV and a P/B ratio of 20:1. 


| Overlap For 
Factor Peak Ratio (1:1) 
ia 


better detection limits will be the rule with 
HPGe, particularly for light elements, and es- 
pecially in a TEM, considering the reduction 
in Compton scattering background at low ener- 
gies. For a 20% improvement in FWHM, an im- 
provement in Cpr, of about 10% is expected. 
Although an exact calculation is difficult, an 
approximation of the impact of overlaps can be 
calculated from a few assumptions and calcula- 
tions of peak overlap factors, as suggested by 
Statham and Nashashibi.® We have calculated 
the relative change in detection limit as a 
function of FWHM and peak-to-peak ratio from 
the Ziebold equation assuming a P/B ratio of 
20:1 and a fixed peak separation of 100 eV 
(Table 2}. For a 10:1 peak ratio, Cp; for the 
smaller peak is decreased by a factor of 1.7 
for a 20% change in FWHM. This is an idealized 
case, and one should expect that actual spec- 
tral measurements may not show such a large im- 
provement in the detection limit. 

The second conclusion, from Table 1, is that 
the same resolution can be obtained from a 
30mm? HPGe as from the best premium 10mm? 
Si(Li). It follows that for the same beam cur- 
rent and counting time, the 30mm? HPGe. provides 
a C&P that is 1.73 times lower than CAL from 
the 10mm? Si(Li) detector! Alternately, the 
beam current may be reduced on sensitive speci- 
mens by the same factor, with no sacrifice of 
analytical sensitivity. 

These results present a strong argument for 
the use of HPGe detectors on SEMs as well as 
TEMs. Figure 6 is an example of the excellent 
performance of an HPGe detector for light-ele- 
ment detection. The spectrum was obtained 
from a unit installed in the field on a JSM 
6400. The noise peak has been suppressed by 
setting the threshold discriminator. The de- 
tector was equipped with a diamond thin window 
and shows good nitrogen sensitivity. Detector 
resolution at Mn was measured to be 130 eV. 

The peak-to-valley ratio for boron measured at 
the factory was 13:1 for this detector. 


FOL 


FWHM (eV) Peak Ratio (10:1) 


1.114/VP 


80 160 
Cot [Cor 


Conelustons 


HPGe detectors with improved charge collec- 
tion properties offer several advantages over 
Si(Li) detectors for EDS applications. The 
HPGe detector offers improved detection effi- 
ciency at photon energies above 20 keV, and 
also provides reduced background at lower ener- 
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FIG. 6.--SEM spectrum illustrating excellent 
peak resolution and detection sensitivity of 
HPGe detector with 1 at. diamond window. 

Noise peak at zero energy has been suppressed 
with threshold setting. At the factory, reso- 
lution at Mn was measured at 130 eV and a boron 
peak-to-valley of 13:1 was obtained. 


gies from Compton-scattered radiation. These 
properties alone suggest that the HPGe detector 
may become the preferred x-ray detector for TEM 
where good light-element resolution and high 
detection efficiency at higher x-ray energies 
are required, The improvement in peak resolu- 
tion offered by the HPGe detector enhances ele- 
mental detection sensitivity in both SEM and 
TEM applications, by lowering detection limits 
and allowing larger solid angle detectors to be 
used with no resolution penalty. As a result, 
we expect that in the future the HPGe detector 
will be used in a broad range of microanalysis 
applications. 
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RESOLUTION ENHANCEMENT FOR X-RAY SPECTROSCOPY AT LOW ENERGIES 


P, J. Statham 


Interpretation of the low-energy x-ray spectrum 
below 1 keV is complicated by a number of fac- 
tors that can be regarded either as causes of 
error or as potential sources of new informa- 
tion about the sample. Chemical bonding ef- 
fects produce line energy shifts of a few eV 
and band shape changes over as much as 15 eV. 

L series lines separated by a few tens of eV 
are often subject to severe differential absorp- 
tion in the sample; furthermore, tabulated line- 
intensity ratios are often not adequate to pro- 
vide conclusive identification of a particular 
emission, For a typical EDX system with 145eV 
resolution at 5.9 keV, these effects will only 
be seen as subtle changes in the form of the 
spectrum, whereas a Bragg crystal spectrometer 
(WDX} can resolve most of the detail. EDX has 
the advantage of increased efficiency that is 
more reproducible and predictable as a function 
of energy,and for most routine applications, 
the resolution limitation has traditionally 
been overcome by data processing. Therefore, 
an interesting question to pose is thus "is 
there any way we can dramatically improve EDX 
resolution to enable investigation of the pre- 
cise form of spectra at low energies?". 


Instrumental Improvements 


The detector response function due to the 
Si(Li) crystal is further degraded by electronic 
noise. Thus, monochromatic radiation of energy 
E keV produces a peak with full width at half 
maximum (FWHM) "resolution" given by 

fwhm? fwhmp? + fwhm ,? 
where fwhm, is due to electronic noise and 
fwhmg the detector contribution in eV. The 
noise distribution is Gaussian and in most 
Si(Li) detectors, for energies above about 4 
keV, the detector contribution is also Gaussian, 
with fwhmg = 2550E. Incomplete charge collec- 
tion may occur, particularly for x rays that are 
absorbed strongly in silicon and therefore 1lib- 
erate charge closer to the front surface of the 
detector. As a result, the fwhm may be broad~ 
ened beyond 2550E and additional tailing may 
make the detector contribution markedly non- 
Gaussian at low energies. 

Recent developments’ have pushed the attain- 
able fwhmp as low as 41 eV. For example, Fig. 
1(a} shows the sulfur Ll line clearly visible 
in a system where fwhmy = 41 eV. Not only does 
S Li not usually appear on EDX "slide rules," 
but the intensity is sufficient to cause problems 
of interpretation and overlap with Be, B, and C. 


(1) 
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Figure 1(b) shows that the same system can re- 
solve Be K clearly from the noise tail. In- 
deed, if there were no electronic noise, Eq. 
(1} would suggest that we could see a Be peak 
with fwhm of only 16 eV. 


Digttal Filtering 


Clearly, reduction of electronic noise 
fwhmp is a practical way of improving low-ener- 
gy resolution, but we can attempt to go further 
by digital filtering. If we consider the digi- 
tal Fourier transform (DFT) of the data we find 
that any slowly varying background contributes 
most of the low frequencies, peaks include 
higher frequency components, and statistical 
fluctuations have components at all frequen- 
cies. Convolution by a Gaussian instrumental 
function is equivalent to attenuating high- 
frequency components. Unfortunately, reversing 
this process accentuates the high-frequency 
statistical components, so that a compromise is 
involved between resolution enhancement and in- 
creasing amplitude of statistical artifacts. 
We can experiment to our heart's content with 
various types of linear filter (many of them 
reviewed in Ref. 2, including equivalent iter- 
ative techniques) but it is possible to calcu- 
late what is the best we can hope to achieve 
by such methods. For an x-ray energy histo- 
gram, the coefficients of a real filter that 
will provide the best possible restoration in a 
least-sum-of-squares sense are given by 


H, = (1/6,)|5,1?/(] S|? + No) (2) 
where G, represents the DFT of the instrument 
function; Sp is the transform of the data if 
there were no statistical fluctuations; and Ng 
is expectation of the noise power, which can be 
shown to be equal to the area in counts of the 
spectral data. (A full derivation is given in 
Ref. 3.) If we have only one set of data to 
work from, we can only estimate S,, but one can 
achieve a close to optimal result by scanning 
the power spectrum and fitting a Gaussian func- 
tion to the region where the signal dominates.°* 


Limitattons of Linear Methods 


The fundamental problem with all linear 
methods is that they do not separate statisti- 
cal fluctuations from the data; they only at- 
tenuate the highest frequencies where the sig- 
nal is weak. After the filter is applied, all 
the low-frequency components of statistical 
noise still remain "interwoven" with low-fre- 
quency signal components. Furthermore, what 
was formerly "white noise" is molded by the 
filter into peak-like artifacts and any attempt 
to enhance the resolution simply exaggerates 
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FIG. 1.~-EDX spectra for a system with noise fwhm = 41 eV. (a) Carbon-coated iron sulphide 
specimen, SEM, 5 kV. (b) Be foil, SEM, 10 kV. 


Counts <x10*> these spurious ripples. This limitation is 
demonstrated by Fig. 2, which shows the re- 
sults of optimum linear enhancement. Although 
the Cr L peaks in Fig. 2(b) are better re- 
solved, the effective gain in resolution is 
slight. Attempts to deconvolve further with 
an instrument function of 40eV fwhm simply pro- 
duce much greater ripple artifacts. Although 
increasing the number of counts could improve 
the signal-to-noise ratio and allow more sharp- 
ening before ripples become objectionable, 
theoretical calculations for a wide range of 
conditions suggest that such gains are slight®; 
for example, even with 10° counts in a single 
peak, about 20% improvement is the most we can 
UE cutive: “To achieve if spurious ripples are to be kept be- 
low 1%.% To do any better, we have to look 
toward nonlinear procedures and carefully ana- 
lyze the deconvolution process. 


Counts €x10*> 


Nonlinear and Maximum Entropy Methods 


If channel i contains yj counts, deconvolu- 
10 tion involves seeking a solution s which, when 
Cr convolved with an instrumental function g, rep- 
8 : resents the original data to within a residual 
Le r which is consistent with the expected statis- 
6 tical fluctiona. In shorthand notation we have 
for each channel i 
= * 
ve ~ (g Ss), + ae (3) 
where the * represents the convolution opera- 
tion. In linear methods, s has to be obtained 
o t 2@ 3 4 § 6 ? 8 by filtering of the original data vector y, but 
ae (ee oor er ae ee ey Raesae SAO Ge? nonlinear methods release this restriction and 
a wide variety of techniques can be used to 
select a suitable solution s. Many of these 
techniques are reviewed by Jannson,? but per- 
haps the best known are the so-called "maximum 
entropy'' techniques. If we divide sj by the 
total of s; over all channels, we get a normal- 
ized value pj. One approach is to define an en- 
tropy expression, 


H=- 2p, In p, (4) 


FIG. 2.--(a) EDX spectrum from carbon-coated 
chromium specimen, SEM, 10 kV. Noise fwhm = 

43 eV. (b) Data from 2(a) processed with esti- 
mate of optimal linear filter, enhanced accord- 
ing to instrumental function, fwhm = 30 eV 


and use a numerical search procedure to find 
the solution sj, which gives the maximum value 
of H, subject to the constraint that the resid- 
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FIG. 3.--Result of convolving 2(b) with a Gaus- 
sian fwhm = 30 eV, subtracting from 2(a) and 
scaling by the square root of this result. 

(a) scaled residuals, full scale +2.5. (b) 
Histogram showing frequencies of amplitudes. 


duals ry are consistent with the data. For ex- 
ample, if yj > 10, the variance in channel count 
is close to yj, so we would expect the sum 


ae 2 
X2 = y re°/Y; (5) 
to obey a x? statistic and take a value close 
to n, where n is the number of channels. 

Within the constraints imposed by Eq. (5), 
maximization of H forces the search toward sj 
values which are all positive and as close as 
possible to the same mean level; although this 
procedure favors a solution that is smooth, 
there is a tendency toward solutions with lower 
peaks and higher backgrounds than the ideal. 
Ponman* demonstrates three further entropy ex- 
pressions and shows how, based on exactly the 
same data, the characteristics of the solution 
s can be biased by the formula used for H. 

Thus, although there are some interesting argu- 
ments for ascribing physical significance to 

the entropy expression, they often hide the 

fact that seeking a solution with maximum en- 
tropy is simply a mathematical trick to inject 
some prior knowledge of the answer we really ex- 
pect! Frieden? emphasizes that introducing such 
prior knowledge via some modification of the en- 


tropy expression only produces a tendency 
toward a particular solution; the main influ- 
ence still comes from the original data. Un- 
fortunately, for x-ray data, statistical fluc- 
tuations reduce this controlling influence and 
permit a wide range of solutions that still 
give an acceptable value for X2, 


Nonlinear Least-squares Fitting 


The problem of alternative solutions has 
also been demonstrated in nonlinear least- 
squares fitting.° Even with good prior knowl- 
edge of peak shape and with low background lev- 
els, statistical noise can be sufficient to 
permit alternative solutions with radically 
different values for relative peak heights 
that produce equivalent "goodness of fit'' by a 
criterion similar to Eq. (5). 


Improved Statistteal Tests 


The x? measure as given by Eq. (5) is a 
rather crude indication of the goodness of fit. 
If we ever found the true solution s, the 
scaled residuals ri/(g * sji°** would be dis- 
tributed according to a normal distribution 
with zero mean and unity variance. Further- 
more, they would be independent so that there 
would be no correlation, particularly between 
one channel and the next. Thus, we can improve 
the fitting constraint (i) by using a test such 
as x* or Kolmogorov-Smirnov to confirm that 
scaled residuals are distributed appropriately; 
and (ii) by computing and testing the serial 
correlation coefficient SCC, using scaled 
residuals from pairs rj Yrj+] of adjacent chan- 
nels.° A test very similar to the latter has 
been used to reveal systematic errors when fit- 
ting spectral peaks with modified Gaussians’ 
and the distribution test is clearly related to 
an "order statistic'' which has also been re- 
ported. ® 


Expertmental Vertfieation 


To illustrate how these tests can be useful, 
consider again the restoration in Fig. 2. Cal- 
culating from Eq. (5) gives X2/n = 0.4 and the 
mean residual is -0.004 so we obviously have a 
good fit to the data. Even the histogram of 
residuals in 3(b) looks symmetric and Gaussian 
in appearance, However, when the scaled resid- 
uals are viewed in Fig. 3(a), it is clear that 
they are not wholly random and look more like 
modulated high-frequency oscillations. That is 
shown up by, SSC which takes a value of -0.76, 
far below the minimum value of -0.12 which 
could be explained by statistics alone. In- 
spection of Fig. 3(b) shows that the residual 
distribution, though symmetric, is much narrow- 
er than would be expected for unity variance. 

When the same tests are applied to the non- 
linear fitting simulations, the "correct" so- 
lution gives X2/n = 1.08 and SCC = -0.22, 
whereas we might expect values as low as -0.41. 
The best fit solution (fit 3)°, which happens 
to give completely incorrect parameters, gives 
X2/n = 0.86 and SCC = -0.36. Even though we 
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could not reject fit 3 on the basis of SCC 
alone, selection of the solution with the small- 
est absolute value of SCC does favor the cor- 
rect solution over all the other fits, even 
though it gives the largest X2! 


Coneluston 


Although this study has not produced a meth- 
od for guaranteeing satisfactory resolution en- 
hancement, it has revealed a better method of 
assessing whether a given solution is realis- 
tic. In future, the following recipe can be 
adopted: 


a. Select a possible solution s to represent 
the true underlying spectrum. 
b. Convolve s with a Gaussian fwhmo. 


c. If X2/n is less than 1 and SCC is large 
and negative, low-frequency statistical fluc- 
tuations are still likely to be present in the 
solution. If X2/n is greater than 1 and SCC is 
positive, there is evidence of systematic de- 
parture from the correct signal. If a choice 
of s is available, favor the solution with the 
smallest value of SCC provided X2/n is close to 
Ls 
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4 
Microprobe Mass Spectrometry 


COMPLEMENTARY MOLECULAR INFORMATION ON PHTHALOCYANINE COMPOUNDS DERIVED FROM LASER 
MICROPROBE MASS SPECTROMETRY AND MICRO-RAMAN SPECTROSCOPY 


In this work we show the complementary informa- 
tion about molecular structure provided by laser 
microprobe mass spectrometry (LAMMS) and micro- 
Raman spectroscopy. The vibrational frequen- 
cies observed in micro-Raman spectroscopy indi- 
cate molecular structure, whereas mass spectros- 
copy often indicates the mass (m/z value) of 

the molecule. Characteristic fragment ion 

peaks found in the mass spectrum can contain 
additional structural information about the 
molecular species being analyzed. 

Phthalocyanines (Pc's) belong to the class 
of porphyrin compounds (e.g., chlorophyll); in 
particular they are tetraazaporphyrins in which 
there is a fused aromatic ring(s).? Their semi- 
conductor properties result from the abundance of 
n-bonded electrons in the molecule.? The metal- 
free phthalocyanines are symmetric molecules 
with planar geometry (Fig. 1). The H,Pc (m/z 
514) is a true planar molecule, but the metal 
complexes are slightly nonplanar because the 
metal ion puckers the molecule. Metal coordi- 
nate covalent bonding in the center helps to 
stabilize the Pc structure. 

Phthalocyanines have come under study 
because of their diverse applications. One ap- 
2 plication related to their semiconductor and 
optoelectronic properties makes the Pc's at- 
tractive materials for fabrication of ultrafast 
molecular electronic devices.*~’ Various Pc's 
can be deposited as ultra thin films, essential 
for the construction of organic molecular elec- 
tronics. lIonic attachments (e.g., halogens) al- 
ter the conductivity of some metallated Pc's; 
hence Pe materials are being evaluated as can- 
didates for micro gas sensors.® The orientation 
and optical absorption of thin metal Pc films 
have also been studied.?°?® Vanadyl phthalo- 
cyanine (VOPc) has been extensively investi- 
gated regarding its potential use as an active 
medium in optical storage devices, and has been 
shown to be a photoconductor in the infra- 
red, 778s11l 

Several methods have been used to explain the 
relationship between molecular structure and the 
optical and electronic properties of Pc's.°>?? 
Early studies used heated-probe electron impact 
mass spectrometry.?* The thermal stability of 
the Pc molecules makes them well suited for 
LAMMS characterization. In fact, LAMMS can be 
applied directly to the as-prepared Pc thin 
films. Although the compounds used in this 
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where A = VO**, AIC1°*, or 2H* 


FIG. 1.--Molecular structure of phthalocyanine 
complexes characterized by the two techniques. 


study have been characterized by conventional 
(i.e., bulk) Raman spectroscopy,°’’**?"* no 
investigations of these metal Pc's have been 
made by micro-Raman spectroscopy or LAMMS. We 
have studied the metal-free Pc (H,Pc) and de- 
rivatives containing Cu?*, A1C12*, vo?*, Fe2* 
and Zn?*, In this paper we are presenting 
work only on the first four compounds, but the 
spectral information for all the compounds is 
Similar, except for the AlPcCl. 


3 


Expertmental 


A laser microprobe having transmission op- 
tics with respect to the time-of-flight mass 
spectrometer was employed in this study. The 
focused 266nm laser beam provides 2-4 um spa- 
tial resolution and is useful for the analysis 
of thin film samples or particles. The samples 
analyzed were reagent-grade powders. At least 
10 positive ion mass spectra and multiple nega- 
tive ion spectra were collected for each com- 
pound. The LAMMS data are presented in histo- 
gram representation of m/z vs integrated peak 
areas. 

The measurements by Raman microprobe spec- 
troscopy were performed with a laboratory-con- 
structed system based on spectrographic disper- 
sion. It employs a multichannel optical detec- 
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PIG. 2.--Positive-ion laser microprobe mass histograms of peak areas for Pc's examined. Molecular 
ions are designated by M*. 

tion system that has an intensified diode array Results and Discussion 

as the detector. The spectra of the Pc's are 
pre-resonance Raman spectra excited by the 
514.5nm Ar* laser line that falls at the absorp- 
tion minimum formed by two electronic absorp- 
tion bands centered at 350 and 620 nm. 


The aromatic ring structure most likely con- 
tributes to the molecular ion production in la- 
ser mass spectrometry by producing what appears 
to be an odd electron ion, M*; other highly 


90 


TABLE 1.--Principal bands observed in the micro- 
Raman spectra of H,Pc and VOPc with their vi- 
brational assignments (spectra excited at 514.5 
nm). 


Raman Shift (em*) Vibrational Mode 
H,Pc VOPc Description 
183 m 185 m in-phase motion of isoindoie groups 
229m 221 Ww isoindole ring deformation 
absent 256 m V-N stretching 
482 vw 485 w isolndole ring deformation 
570 m 591s benzene ring deformation 
682 vs 679 vs macrocycle breathing 
795 $ absent macrocycie deformation 
absent 835s macrocycle ring stretching 
1010 w 1002 m C-H bend 
1024 w 1032 m C-H bend 
1104 m 1106 m C-H bend 
1140 m 1141 m pyrrole ring breathing 
1337 vs 1338 vs pyrrole ring stretching 
1425 m 1428 w isoindole ring stretching 
1450 w 1447 m/1479 m isoindole ring stretching 
1515s 1526 vs C-N pyrrole stretching 
1534 vs 1548 w C-C isoindole stretching 
1615 m 1589 m/1612 m benzene ring stretching 


conjugated ring structures (e.g., polycyclic 
aromatic hydrocarbons) also give a Mt peak. 
The stability of this molecular ion is evident 
from the lack of fragmentation found in the 
mass spectra, as shown in the representative 
positive ion mass histograms of four Pc's in 
PLQs 2 

The VOPc compound was the most studied com- 
pound in our work, and will be thus used in the 
discussion of the general features of the other 
metal Pc's. The peak at m/z 579 indicates the 
molecular weight of the compound. Oxygen 
remains bound in the molecular ion. The 


largest peaks are Vt and VO* at m/z values of 
51 and 67. There are small peaks at m/z of 179 
(CgHyNoV)* and 195 (CgH,N2VO)+ that correspond 
to one-fourth of the VOPc molecule with the 
vanadium and the vanadyl attached, respectively. 
This fragmentation pattern is similar to the 
LAMMS spectra reported for CoPc, but in that 
case the authors report a proton adduct as the 
highest m/z peak in the spectrum.?° 

The CuPc spectrum follows a pattern similar 
to that of VOPc showing a large amount of free 
Cut and Nat (sodium is most likely a contami- 
nant). The isotope pattern of Cu is clearly 
present in the CuPc spectrum with molecular ion 
peaks at m/z of 575 and 577. The H,Pc compound 
(m/z 514) fragments yield a peak at m/z 129 
that corresponds to the addition of a proton to 
one-fourth of the aromatic structure. The 
chemical formula for this fragment would be 
(CgHyNo + H)*. 

The AlPcCl salt behaves differently: the 
spectra do not contain pronounced, identifiable 
molecular ions. There are small peaks at m/z 
574 and 576 that correspond to correct m/z value 
for a molecular ion, but they are too small 
to be useful for compound identification. The 
strongest fragment ion peak is at m/z = 540, 
which corresponds to (M-C1+H)*. The ionically 
bound Cl- appears to be readily liberated from 
this aluminum chloride salt. Why the fragment 
apparently contains an added proton is not yet 
understood, given that the trivalent aluminum 
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FIG, 3.--Micro-Raman spectrum of VOPc. 
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species should carry a positive charge after 
Cl- liberation. Free Al*+ is abundant in the 
AlPcCl spectra. 

The negative ion laser microprobe mass spec-~- 
tra are primarily composed of carbon and car- 
bon-nitrogen clusters. Although the laser in- 
tensity is well below the threshold for forming 
carbon clusters in the positive ion spectra, 
carbon clusters are for the most part the only 
ions in the negative ion spectra. The energy 
threshold for negative ion cluster formation is 
lower than for positive ion cluster formation. 
The negative ion clustering of these Pe com- 
pounds reveals that an interesting process is 
occurring. In a Pe molecule the C to N ratio 
is 32 to 8, which suggests that N is readily 
available for clustering, yet the cluster pat- 
tern contains only Cp- and NC,~, not NpCy-. 

For some reason, possibly due to the stability 
of the clusters that are formed, N is not ex- 
tensively incorporated. One other expected 
observation is the detection of Cl~ in the 
negative ion spectra of the AlPcCl. 

All published Raman spectra of metal-feee 
Pcol® and of several metal complexes?*?+*???’ indi- 
cate characteristic Raman frequencies of the 
Pe molecule. Complete vibrational assignments 
have been made for these compounds. The vibra- 
tional spectra are commonly described in terms 
of group frequencies. Group frequencies and 
their intensities provide information on struc- 
tural differences (e.g., distortions of the 
normally planar macrocycle, as in H,Pc) and on 
the various forms of a given Pc. A comparison 
of the observed Raman shifts is presented in 
Table 1 for H,Pc and VOPc. Our data for the 
low frequency region, <400 cm7? (Table 1), 
show there are subtle differences in spectra 
of Pc's due to specific metal ions or coordi- 
nation. VOPc has a characteristic band at 256 
cem7* associated with the V-N stretching vibra- 
tion that is not present in the H,Pc. Other 
spectral differences arise from differences in 
bond energies for most of the Raman-allowed vi- 
brational modes. The micro-Raman spectrum 
(Fig. 3) is that of the VOPc over the range of 
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FIG. 4.--Micro-Raman spectra of VOPc, ALPcCl, H,Pc, and CuPc. 


400-1700 cm™?. Some of the major band frequen- 
cies are indicated; they can all be related to 
fundamental vibrational modes of the molecule. 
Figure 4 shows the Raman spectra of four metal- 
Pe complexes discussed with the LAMMS results. 
The spectra are similar, but there are suffi- 
cient differences due to variations in vibra- 
tional structure to allow unequivocal identifi- 
cation of these compounds. 

In summary, we present LAMMS and micro-Raman 
spectra of four different Pc's. All of the 
Pe's that we have analyzed by LAMMS (except 
AlPcCl1) furnished a molecular ion useful for 
identification of the compound. The mass (m/z 
values) of the molecular species, and the 
fragment ion patterns obtained by LAMMS, comple- 
ment the structural information obtained 
through the vibrational micro-Raman spectra of 
the same compounds. 
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FLUID CATALYTIC CRACKING CATALYST MICROSTRUCTURE AS DETERMINED BY A SCANNING ION MICROPROBE 


J. K. Lampert, G. S. Koermer, J. M. Macaoay, J. M. Chabala, and R. Levi-Setti 


Fluid catalytic cracking (FCC) catalysts are 
used by the refining industry to convert heavy 
hydrocarbon fractions into high-quality gaso- 
line and fuel oil by cracking hydrocarbon mole- 
cules into smaller species. Modern cracking 
catalysts are approximately 7Oum-diameter micro- 
spheres consisting of crystalline zeolite Y, a 
synthetic faujasite type of zeolite, in a ma- 
trix such as amorphous silica alumina.’ Ion- 
exchanged (e.g., H*, La**t) zeolite Y is respon- 
sible for most of the catalytic activity. The 
matrix functions as a diffusion medium, dilu- 
tion medium, heat transfer agent, a scavenger 
for catalyst poisons, and a contributor to 
heavy molecule cracking,?°> 

Commercial cracking catalyst manufacture 
follows two main procedures, using either "in- 
corporation" or "in situ" techniques.* The 
more common incorporation methods involve spray- 
drying cation-exchanged zeolite Y with a silica 
alumina sol or gel binder to form microspheres. 
The silica alumina binder is considered to be 
the matrix. 

For this report, we analyzed catalysts pro- 
duced by the in situ method, in which micro- 
spheres are preformed by spray drying a kaolin 
clay slurry. These microspheres are then cal- 
cined at high temperature and the zeolite is 
crystallized in the resulting porous bead. The 
portion of the microsphere not transformed into 
zeolite is the matrix. 

Regardless of the manufacturing method, the 
zeolite phase has a higher silicon-to-aluminum 
ratio and higher sodium content than the matrix. 
Microsphere sodium content and location are im- 
portant catalyst issues because sodium affects 
FCC catalyst activity, stability, and selectivi- 
ty.*' Sodium is present in the microspheres 
from the manufacturing process and is a cata- 
lyst contaminant present in 011 feedstocks. 

Kugler and Leta used a CAMECA IMS-3F ion 
microprobe/microscope to collect ion images of 
catalyst particles from FCC cracking units con- 
taining both incorporation and in situ cata- 
lysts.°"’ Secondary ion mass spectrometry 
(SIMS) elemental distribution images (maps) ex- 
hibiting minor Lat, Al+t, and Sit ion intensity 
variations were attributed to catalysts pre- 
pared by the in situ procedure. Mineral phases 
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comprising in situ catalysts are well dis- 
persed within the microspheres and in size 
ranges below the 0.5um resolution of the CAME- 
CA 3F, necessitating the use of an imaging 
SIMS instrument with a higher resolution. 

In this study, we present high lateral res- 
Olution SIMS images of in situ FCC catalysts 
obtained with the University of Chicago Scan- 
ning Ion Microprobe (UC SIM). The UC SIM em- 
ploys a tightly focused Ga* beam extracted 
from a liquid metal ion source; a 40nm FWHM 
diameter probe was used during this experi- 
ment. The secondary ion maps clearly differ- 
entiate zeolite and matrix phases by differ- 
ences in their stoichiometries. We investi- 
gated zeolitic sodium migration in the micro- 
sphere for hydrothermally treated (steamed) 
catalysts. We show that zeolite growth in the 
in situ catalyst preparations is uniform 
throughout the microsphere, with zeolite in- 
timately associated with matrix phases. A 
significant increase in matrix sodium is ob- 
served after catalyst steaming, which sug- 
gests that hydrothermal conditions result not 
only in loss of zeolite crystallinity, but 
also zeolitic debris migration to the catalyst 
matrix. 


Experimental 


Detailed descriptions of the UC SIM and its 
performance have been presented previously.°~?° 
Briefly, the instrument is composed of a two- 
lens primary ion column, an efficient secon- 
dary ion energy analyzer and transport system, 
and an RF quadrupole mass filter for SIMS 
analysis. A channel electron multiplier detec- 
tor operating in pulse-counting mode collects 
the transmitted ions. The resulting one-de- 
tected-ion to one-pulse signal is stored di- 
rectly in digital memory in a KONTRON image 
analysis computer. These maps can be pro- 
cessed and analyzed retrospectively to derive 
quantitative information from chosen subareas 
of an image. Images are displayed on a high- 
resolution CRT and hard copies are produced 
with a video printer. Image acquisition time 
is adjusted to obtain adequate signal statis- 
tics. For this study, the microprobe was op- 
erated with a 40keV, 10pA Ga* primary ion 
probe focused to a 40nm FWHM spot; images were 
constructed from scans containing 512 x 512 
probe settings. Elemental SIMS maps were ob- 
tained from 10 x 10um? areas in times not ex- 
ceeding 524 s. The signal-to-noise ratio was 
better than 1000 for all secondary ion signals 
recorded during this experiment. Two addi- 
tional channel electron multipliers, overlook- 
ing the target region at a shallow angle, de- 
tect ion-induced secondary electrons (ISE) or 
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non-mass-resolved ions (ISI) for imaging of the 
surface topography and material contrast of a 
sample. 

Zeolite was grown in calcined kaolin micro- 
spheres as described previously.?? For these 
experiments, sodium levels in the microspheres 
were reduced to approximately 1% Na,0O by stan- 
dard NH,NO3 exchange procedure .*? The catalyst 
was then calcined at 540 C for 2 h to facili- 
tate further sodium removal. Ammonium nitrate 
exchange was continued to generate microspheres 
with "intrinsic" Na,0 levels of 0.7%. A por- 
tion of this catalyst was hydrothermally treat- 
ed with 100% steam at 790 C for 4.5 h. 

Specimens were prepared for UC SIM analysis 
by potting of the microspheres in LR-White 
epoxy and microtoming to obtain a smooth sur- 
face. Because these samples otherwise dis- 
played extreme charging artifacts, a thick lay- 
er of gold (approximately 30 nm) was sputter- 
deposited on the analytical surface. This 
coating is rapidly sputtered away from the re- 
gion being scanned and does not contaminate the 
SIMS signais. The gold lying on the surface 
surrounding the scanned area and the metallic 
Ga* primary ion implant are sufficient to in- 
sure charge dissipation. 


Results 


Catalyst microstructure is readily apparent 
in Sit, Na*, Alt, and IST images obtained from 
10 x 10um? areas of the samples (Figs. 1 and 2). 
Two distinct mineralogical phases are apparent: 
one characterized by high Nat and Sit ion in- 
tensities and low Alt intensities; the other, 
by low Nat and Sit and higher Al* intensities. 
In general, Nat and Sit images correspond di- 
rectly, and the Al* image is their complement. 

The observed elemental distributions corre- 
spond to the zeolite and silica-alumina matrix 
phases of the microsphere. For both the non- 
steamed and steamed samples, zeolite and matrix 
are distinguishable by differences in aluminum 
and silicon ion intensities between the phases. 
The relative ion intensities agree with the 
relative atomic fractions of the elements in 
each phase; Al*t is more intense in the matrix, 
and Si* is more intense in the zeolite. Two or 
more phases are discernible within the matrix 
of the nonsteamed microspheres, as evidenced by 
close examination of the Si and O maps (Figs. la 
and d, respectively). It is not clear whether 
these phases form during the calcination or zeo- 
lite crystallization steps. Differences in 
phase stoichiometry may not completely account 
for the relative intensities observed, because 
sputter yields and secondary ion fractions may 
be phase dependent (matrix effects). 

For the nonsteamed sample, sodium is associ- 
ated predominantly with the zeolite material 
(Fig. lc). Matrix sodium signals are recorded 
in the image computer, but at levels too low to 
be displayed conveniently adjacent to the in- 
tense zeolite signals in a black-and-white mi- 
crograph. Matrix sodium is more perceptible 
after the microspheres are steamed (Fig. 2c). 
After the intrinsic sodium sample is steamed, a 
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larger sodium signal is observed in areas 
corresponding to matrix stoichiometry (that is, 
in areas with higher aluminum and lower sili- 
con signals): the zeolite-matrix Na contrast is 
reduced (compare Figs. le and 2c). 

Oxygen-bearing species are strongly adsorbed 
by the zeolite phase and are thermally desorbed 
following hydrothermal conditioning. The 
16Q- SIMS map (Fig. 1d) shows higher secondary 
ion intensity from the zeolite than from the 
surrounding matrix before hydrothermal treat- 
ment. The O- SIMS contrast between the matrix 
and zeolites in the steamed sample (not shown) 
is significantly reduced. The 0” ion origi- 
nates from both water and silicon/aluminum ox- 
ide fragmentation. High O” intensities from 
the zeolite in the nonsteamed sample are prob- 
ably due to zeolitic water that is desorbed 
after steaming. 

Topographical features in the non-mass-re- 
solved ion induced secondary ion (ISI) images 
reflect features of the SIMS maps for each 
sample. As an example, Fig. 2d is the ISI im- 
age of the same area of the steamed sample 
mapped in Figs. 2a-c. Regions with zeolite, 
as determined from the SIMS maps, correspond 
to the recessed, bumpy areas and troughs, with 
plateaus of smoother matrix rising between 
them. These pits and folds are indicative of 
differential sputtering from the various micro- 
sphere phases under ion bombardment. 


Diseusston 


Mineral phases in the catalyst microsphere 
are distinguished by differences in the com- 
ponent elements' secondary ion yields, where 
both stoichiometry and SIMS matrix effects may 
play roles in determing the yields. Attribut- 
ing the high-Sit, low-Al* intensity regions to 
zeolite and the complementary areas to matrix 
is based on known stoichiometries for these 
phases, X-ray diffraction unambiguously de- 
tects the presence of zeolite Y 
(2Na,0 2A1,0, 9Si0,) after the zeolite crystal- 
ization step of catalyst synthesis. The micro- 
sphere matrix is composed of a completely 
dehydroxylated kaolin that has undergone the 
phase transition to mullite (3A1,0, 2Si0,) at 
980 C and is known to be poorly crystalline.?? 

We can quantitatively compare the relative 
ion intensities for the phases with the values 
expected from phase stoichiometry. The re- 
corded ion signals from several thousand pixels 
in regions corresponding to zeolite and matrix 
are acquired from the digitized images, and 
zeolite-to-matrix intensity ratios for each 
element are compared with the theoretical val- 
ues (Fig. 3). Jon intensity ratios between the 
two regions for aluminum and silicon are in 
fairly good agreement with the ratios calcu- 
lated from matrix and zeolite stoichiometry for 
both the nonsteamed and steamed samples. The 
values for both ions are systematically higher 
than expected, which shows that SIMS matrix ef- 
fects may modify secondary ion yields. There 
is visual evidence that the microsphere matrix 
actually consists of more than one phase, as 


FIG. 1.--SIMS elemental distribution maps of one area of nonsteamed 0.7% intrinsic Na,0 FFC cata- 


lyst microsphere. (Bar = 2 um.) 


zeolite. 


scale is used to display image, enhancing features in low-intensity regions. 
(b) Al distribution, indicating higher Al concentration in matrix 


recorded in 262s exposure. 


areas; 11.3 x 10° counts recorded in 262s, log display. 
(d) 0, linear gray scale; 8.5 x 10° counts recorded in 524 s. 


recorded in 262 s. 


mentioned above. These phases were not differ- 
entiated during this quantitative measurement, 
which may have contributed to the variability in 
the silicon intensity ratios. 

Agreement between theoretical and experienced 
aluminum and silicon relative inensities does 
not necessarily mean that the high silicon/low 
aluminum regions of the microsphere contain zeo- 
lite. Catalyst steaming causes zeolite crystal- 
linity loss and a reduction in zeolite unit cell 
size due to dealumination as measured by x-ray 
diffraction and a decrease in zeolite pore vol- 
ume as measured by N, adsorption.** The result- 
ing zeolite debris remains predominantly in the 
zeolite regions as observed in Sit and Al* images 
from steamed catalysts (Fig. 2a and b), or it 
can migrate to the catalyst matrix. Increases 
in sodium concentrations observed after catalyst 
steaming are evidence for zeolite debris migra- 
tion to the matrix (Fig. 3). Sodium can be pres- 
ent in the matrix regions as a salt, oxide, or 
hydroxide, or as the counter ion to a matrix 
negative charge site. Matrix sodium concentra- 
tions are very low prior to catalyst hydrotherm- 
al treatment, which shows that these species are 
not present in the matrix prior to catalyst 


(a) Si distribution. 
At least two distinct Si concentrations are discernible in matrix regions. 


Zones of higher intensity correspond to 


Log gray 
3.9 x 10® counts 


(c) Na, log display; 9.2 x 10° counts 


steaming to a significant degree (Fig. 1c). 
Steaming is accompanied by an increase in ma- 
trix sodium either as a zeolite debris counter 
ion or through zeolite-matrix Na* exchange.?° 


Coneluston 


With a high-lateral-resolution scanning ion 
microprobe comprising a finely focused nanome- 
ter-scale beam, it is now possible to resolve 
FCC catalyst microstructure not distinguishable 
with conventional ion microscopes and micro- 
probes. We observe the aluminosilicate phases 
that comprise catalysts synthesized by in situ 
methods. Microsphere analytical ion images 
show that zeolite growth in the in situ cata- 
lysts is uniform throughout the microsphere, 
with zeolite intimately associated with matrix 
phases. Zeolite and matrix are distinguishable 
by differences in aluminum and silicon secon- 
dary ion intensities resulting from phase 
stoichiometry. Ion intensity ratios between 
the two regions for aluminum and silicon ob- 
tained from microquantization of digitized 
scans are in good agreement with theoretical 
values. We show that the zeolite-to-matrix Nat 
ratio decreases after catalyst hydrothermal 
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FIG, 2.--SIMS distribution maps of onearea of steamed 0.7% intrinsic Na,0 FFC catalyst micro- 
shere. All images are displayed on log gray scale. (Bar = 2 pm.) (a) Si distribution. Areas 
of higher intensity correspond to zeolite; 1.3 x 10° counts collected in 524 s. (b) Al, 

8.7 x 10° counts recorded in 157 s. (c) Na distribution. Measured zeolite/matrix Na ratio is 
much lower than that found in nonsteamed sample; 5.1 x 106 counts collected in 262 s. (d) ISI 
image of surface topography. 
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SECONDARY ION MASS SPECTROMETRY STUDIES OF POLYCRYSTALLINE 
THIN FILM CdTe/CdS SOLAR CELLS 


S. E. Asher 


Polycrystalline thin films of CdTe deposited on 
CdS represent one of the promising materials 
systems currently being investigated for the 
fabrication of low-cost, large-area, high-effi- 
ciency photovoltaic devices. One of the at- 
tractive features of this materials system is 
the number of techniques available for CdTe 
deposition.* However, many of the deposition 
processes being used to fabricate these thin- 
film materials have not yet been well charac- 
terized. In particular, the interdiffusion of 
Te and S has not been studied. The CdTe/CdS 
structure must be annealed to produce a device 
with a high efficiency.* It is thus important 
to study the extent of any interdiffusion that 
occurs as a result of this processing step. 

Secondary ion mass spectrometry (SIMS) is a 
useful technique for the study of interfacial 
quality and elemental interdiffusion. In this 
paper, SIMS is used to follow the interdiffu- 
sion of S and Te at the CdTe/CdS heterointer~ 
face. The analysis of structures grown by elec- 
troplating and spray processing is discussed. 
Scanning electron microscopy (SEM) images re- 
veal significant differences in the sputtering 
behavior of the CdTe surface depending on the 
initial film morphology. S diffusion is clear- 
ly observed by SIMS in an annealed electroplat- 
ed film; however, spray-processed films develop 
severe sputter cones and S diffusion cannot be 
ascertained by SIMS. Electron probe microanal- 
ysis (EPMA), x-ray diffraction, and SIMS images 
are investigated as methods to resolve this 
problem. 


Experimental 


Polycrystalline thin films of CdTe on CdS 
were fabricated by two different methods. 

CdTe films made by the first method were depos- 
jted by electroplating from solution onto 
CdS/Sn0,/glass to a thickness of approximately 

2 um. CdTe films made by the second method 
were deposited by spray processing onto CdS/ 
Sn0,;/glass to a thickness of approximately 6 um. 
In both cases CdS was deposited by spray pro- 
cessing, to a thickness of approximately 0.15 
um and 6 um, respectively. 

SIMS analyses were performed by a Cameca 
IMS-3f£ with a 10.8keV Cs+ primary ion beam with 
detection of negative secondary ions. The en- 
ergy bandpass of the spectrometer was 150 eV. 
The analyzed area was 22 um? for the spray pro- 
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cessed films and 60 um? for the electroplated 
films. Primary ion currents were 100-550 nA 
(beam spots 90-130 um). EPMA with x-ray wave- 
length dispersive spectroscopy (WDS) was used 
to compare the bulk compositions of the films. 
X-ray diffraction measurements were performed 
with a powder diffractometer equipped with a 
rotating anode source using Cu Ka radiation. 


Results and Discusston 


The intent of this study was to find the ex- 
tent of interdiffusion occurring in the 
CdTe/CdS heterostructure. A SIMS profile ob- 
tained from the as-deposited electroplated 
film (Fig. 1) shows that within the limits of 
resolution for a polycrystalline film, there 
has been no diffusion in this structure during 
the initial steps of deposition. However, in 
order to produce device-quality material, it is 
necessary to heat treat the structure in an 
oxygen-containing atmosphere. To observe the 
effect of this postdeposition anneal, the film 
shown in Fig. 1 was divided into pieces that 
were annealed at 375, 390, 410, and 425 C for 
1 h each. Figure 2 shows a montage of the 
SIMS depth profile data obtained for S and Te 
from these samples. It is clear that even at 
the lowest temperature used in this study there 
has been a significant amount of diffusion of 
S into the CdTe layer. The Te profile has not 
been significantly changed by the annealing 
process. Films that had been fabricated by the 
spray-processing method were also examined by 
SIMS, A depth profile obtained from one of 
these samples is shown in Fig. 3. This profile 
shows that a significant amount of diffusion 
has occurred in the as-deposited film. Mea- 
surements of the SIMS crater depths in these 
samples found that the bottoms of the sputtered 
craters were extremely rough. The surface 
topography of both types of films were examined 
by SEM. 

SEM images of the surface morphology visible 
on the films used in this study are shown in 
Figs. 4(a)-(c). Each figure shows the surface 
of the film before (a,c,e) and after (b,d,f) 
sputtering with an ion beam. The surfaces of 
the electroplated films are relatively smooth 
and are not significantly altered by the ion 
beam. However, the surface of the spray-pro- 
cessed film is extremely rough and the original 
topography is greatly changed by the ion beam. 
Although not shown here, similar changes in the 
morphology were observed in the spray-processed 
film after sputtering with an O,+ primary beam. 
The micrographs show that the depth resolution 
is adequate for the SIMS analyses of the elec- 
troplated films but that SIMS analysis of the 
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FIG. 1.--SIMS depth profile of as-deposited 
electroplated CdTe/CdS/Sn0, structure showing 
no apparent S or Te interdiffusion. 

FIG. 2.--Effect of postdeposition annealing on 

S and Te interdiffusion. Montage of S and Te 
SIMS depth profiles generated by overlaying 
data from four different anneal temperatures on- 
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FIG. 4.--SEM micrographs of as-deposited electroplated CdTe surface (a) before and (b) after ion 


beam sputtering; electroplated CdTe surface annealed at 425 C for 1h 


(c) before and (d) after 


ion beam sputtering; spray-processed CdTe surface (3) before and (f) after ion beam sputtering. 


spray-processed films is severely limited by 
the surface topography. 

The origin of the cones on the spray-pro- 
cessed film was investigated further in an at- 
tempt to determine how the polycrystalline na- 
ture of the film affected the ion-sputtering 
process. It is known that polycrystalline met- 
als often exhibit surface roughening under ion 
bombardment.* X-ray diffraction was used in 
this study to determine the extent of crystal- 
linity in these films. The diffraction spectra 
for the three films shown in Figs. 4(a),(b), and 
(e) are shown in Fig. 5(a)-(c). The diffraction 
spectrum from the as-deposited electroplated 
film (Fig. 5a) shows that the film is cubic and 
highly oriented along the (111) direction. This 
is also evidenced in the SEM micrograph, which 
shows the surface of this film to be uniformly 
covered with a highly faceted, cone-like topog- 
raphy (Fig. 4a). The diffraction spectrum from 
the electroplated film annealed at 425 C (Fig. 
5b) shows that a significant change in the crys- 
tallinity has occurred, The diffraction spec- 
trum contains all the significant peaks from a 
randomly distributed cubic polycrystalline film 
with no preferred orientation. In addition, a 
broad low-angle peak is visible, which shows 
that some amorphous material is also present. A 
systematic decrease in the d-spacings is also 
observed, which is consistent with the incorpor- 
ation of S into the Te sublattice. The SEM mi- 
crograph of this film (Fig. 4b) does not exhibit 
the highly faceted structure observed in the as- 
deposited film. The diffraction spectrum in 
Fig. 5(c) is from the spray-processed film. 

This spectrum is almost identical to the one ob- 
tained from the 425 C annealed film (Fig. 5b). 
It also contains the peaks expected from a ran- 
domly distributed cubic material; however, no 
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low-angle amorphous peak is present. This film 
also exhibits the same systematic decrease in 
the d-spacings observed in the 425 C annealed 
film. Thus, from x-ray diffraction, both the 
annealed electroplated film and the spray-pro- 
cessed film are randomly oriented polycrystal- 
line grains with a distorted crystal lattice 
that is smaller than pure CdTe. 

As an independent check of the S contents of 
these films, bulk compositional analysis was 
performed by EPMA. The S contents of the elec- 
troplated films were found to be 0.1 at.% for 
the as-fabricated sample, and 1.9 at.% for the 
425 C annealed sample. SIMS did not detect 
any S in the CdTe layer of the former film, 
which leads to the conclusion that the electron 
beam may have penetrated to the CdS layer even 
though only a 10keV electron beam was used for 
analysis. However, there is a significant dif- 
ference in the S concentration between the as- 
deposited and the annealed sample, showing that 
it did diffuse during the annealing cycle. The 
spray-processed film was found to contain a 
bulk S concentration of 3.5 at.%. This result 
was consistent across each sample and for all 
the films that were measured. It is unlikely 
that the electron beam was analyzing through 
the film and into the CdS substrate. The 
spray~-processed film was also examined by ion 
microscopy to determine the emission of S. If 
the CdS substrate were visible through the 
CdTe film, the ion image for S and Te should 
be different. The resulting images for S and 
Te were almost identical, which shows that S 
was emitted uniformly from all areas of the 
sample that also contained Te, and provides 
further proof that S had indeed diffused into 
the CdTe layer. 
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FIG. 5.--X-ray diffraction spectra from poly- 
crystalline CdTe (a) as-deposited electroplated 
film, (b) 425 C annealed electroplated film, 
(c) as-deposited spray-processed film. Indices 
for major cubic lattice peaks are labeled. 


Conelustons 


SIMS has been successfully used to study the 
interdiffusion of S and Te in electroplated 
polycrystalline thin films of CdTe on CdS. Af- 
ter annealing at 425 Catl1h, the concentration 
of S in this film was found to be uniform 
throughout the CdTe layer (by SIMS) at a level 
of 1.9 at.% (by EPMA). The as-deposited film 
was found to be highly oriented along (111); 
the annealed film was found to consist of ran- 
domly oriented polycrystalline grains. The 
SIMS investigation of the spray-processed film 
was obstructed by the extreme topography of the 
CdTe layer and further hindered by the polycrys- 
talline morphology of the film. The ion beam 
caused the development of large sputter cones, 
which obscured any diffusion effects. S diffu- 
sion in this film was confirmed by a combina- 
tion of EPMA, x-ray diffraction, and ion imag- 
ing. The S content of the spray-processed film 
was found to be 3.5 at.%. 
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THREE-DIMENSTONAL DISPLAY OF SECONDARY ION IMAGES 


J.-J. Lee, 


Although three-dimensional (3D) microscopic im- 
aging of solid material surfaces has become in- 
creasingly common, few imaging techniques pro- 
vide detailed chemical information. Secondary 
ion mass spectrometry (SIMS), with the use of 
ion microprobe or microscope instrumentation, 
couples lateral imaging and dynamic ion beam 
sputtering to provide 3D compositional maps 
(image depth profiles). A typical data set ac- 
quired with an ion microscope involves about 
100 mass-resolved ion images, each containing 
at least 256 x 256 pixels, with lateral and 
depth resolutions at the order of 1 um and 10 
nm, respectively. An effective methodology for 
data presentation is required to assist in the 
qualitative evaluation of these 3D SIMS images. 

The recent evolution of efficient computer- 
ized visualization techniques holds much prom- 
ise for the display of 3D microscopic data such 
as intuitive view of large data arrays. The 
descriptive information available in a 3D image 
is many times that of related numerical data. 
In addition to simplifying data analysis, the 
images may be used as effective feedback in the 
experimental correction of SIMS analytical ar- 
tifacts such as surface topography, sample ma- 
trix effects and atomic mixing. Correlation 
algorithms and complementary information from 
other surface imaging techngiues also may be 
incorporated to facilitate the correlation of 
physical and chemical microstructure. 

Several types of 3D visualization techniques 
have been developed to generate realistic pro- 
jections of 3D data sets.* The three basic 
types are surface rendering, binary voxels, 
volume rendering. A comparison of the three 
techniques suggests that volume rendering is 
most appropriate for 3D SIMS imaging studies. 

Surface rendering involves edge detection 
algorithms or binary intensity classification 
(thresholding) to define the surfaces in the 
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FIG. 1.--Ray tracing technique used in volume 
rendering. 


data set. The algorithm then finds the best 
way of fitting geometric polygons to the de- 
fined surfaces. Shading and hidden surface 
removal techniques are applied to display 3D 
features on a 2D screen. Shading requires an 
imaginarily positioned light source and a known 
observer position. The light intensity re- 
flected from the feature surface is then com- 
puted based on the way the object is positioned 
relative to the light source. In addition to 
shading, hidden lines are removed based on the 
position of the observer, providing a perspec- 
tive image. Surface rendering has been pre- 
viously applied in SIMS image depth profiling, 
as well as in microscopic techniques such as 
confocal microscopy.?** However, surface ren- 
dering is not always reliable for complex fea- 
tures. Binary classification of the raw data 
often generates flawed images, especially for 
images containing small or poorly defined 
structures. 

Binary voxel techniques apply binary thresh- 
olding to generate a 3D binary data array. Ray 
tracing, in which imaginary rays approaching 
from the observer's viewing position stop at 
the positions of data volume elements (voxels) 
with a value of 1, then produces a projected 
image on the 2D screen. Although this simple 
binary classification requires relatively lit- 
tle computation, the image produced is very 
crude in quality. 

Finally, volume rendering is a more sophis- 
ticated technique that encompasses ray tracing, 
shading, and classification procedures.*~° 
It is based on an algorithm that computes a 
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FIG. 2.--(A) Secondary electron micrograph: g = 
glomerulus, us = urinary Space, t = tubules, 
arrows = basement membrane. (B) Overlay of CN7 
and Ag™ volume-rendered images. 

FIG. 3.--(A)-(D) CN” volume-rendered images, 
(E)~(H) Ag” volume-rendered images, (I)}-(L) 
Overlay of CN” and Ag volume-rendered images. 
Botton row shows the corresponding coordinate 
frames representing the viewing angles for each 
column of images, in order, 0°, 80°, 120°, and 
160° from the surface normal. 


color from shading and then determines a partial 
transparency for each voxel from its intensity 
value and spatial position by means of a clas- 
sification procedure. By use of the ray trac- 
ing concept, images are formed by blending to- 
gether contributions made by voxels projecting 
to the same picture element (pixel) on a 2D 
viewing screen (Fig. 1}. One important advan- 
tage is the ability greatly to improve the 
characterization of small or poorly defined 
features by elimination of the simple 

binary classification of the data. 

In the volume-rendering algorithm used for 
this work, a shading procedure is first applied 
to the sample data to generate a 3D array of 
voxel color values. In this shading routine, 
the local data gradient and the light vectors 


are combined to give a color value. In a sep- 
arate step, a classification procedure, which 
involves a multiple thresholding algorithm, is 
used to achieve an array of opacity (negative 
transparency) values. The color value and the 
opacity value are combined by means of a 
transformation function to give the final con- 
tribution of the voxel to the 3D image. This 
work presents the first application of this 
volume-rendering technique to 3D SIMS image 
depth profiles. 


Experimental 


Both a biological tissue and a microelec- 
tronics device were used to illustrate the dis- 
play of 3D SIMS images by the volume-rendering 
technique. 

A human kidney tissue section, treated by an 
immunocytochemical staining technique, served 
as the biological sample.®° The staining tech- 
nique involves selective binding of antibodies 
to antigenic sites on the basement membranes 
(Fig. 2A). The antibodies are bound to Ag- 
coated Au particles, which provide a contrast- 
ing medium in the 3D SIMS image. The SIMS im- 
ages were obtained with a Cameca IMS-3f micro- 
scope with a magneticaliy filtered Cs+ beam 
and a digital secondary ion imaging system.’ 
Negative secondary ion detection in conjunc- 
tion with energy filtering, achieved by off- 
setting of the sample potential (122V), was 
confirmed to provide adequate detection of Ag™ 
without molecular interferences. Previous re- 
sults indicated the Ag stain is confined to 
the near surface of the tissue section. The 
sputtering rate of 20 to 30 nm/min was achieved 
with a 10nA, 9.5keV Cs+ beam rastered over a 
250 x 250um area. The analytical area was con- 
fined within a circle, 150 wm in diameter, 
centered in the sputtered area. During 20 min 
of acquisition, approximately 0.4 um was sput- 
tered from the sample. The CN- image was used 
to define the areas containing tissue compo- 
nents and established the overall tissue mor- 
phology. Since the tissue structure was rela- 
tively constant throughout the sputtered depth 
profile, only one CN- ion image was required 
between every nine successive Ag- ion images. 
A secondary electron micrograph was obtained 
with an ISI DS-130 scanning electron micro- 
scope to substantiate the tissue distribution 
indicated CN-image. 

The same raster and image field conditions 
were used for the SIMS image depth profiling 
of a random access memory (RAM) chip. The pri- 
mary ion beam utilized was 15 keV 02+. The Al 
metallization lines in the RAM chip are approx- 
imately 1 um thick, and the SiO, regions are 
raised about 300 nm above the surface regions 
containing only Si. The total sputtered depth 
was approximately 2 um. Image depth profiles 
of Al* and Sit were used to identify the major 
regions. Al+ ions emanated from the regions 
containing the metallization lines. A larger 
Si ion yield from Si0, caused a higher inten- 
sity for this component in the Sit ion images. 
This contrasting effect was used to extract 
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FIG. 4.--Bar graph representing the intensity 
histogram of Ag- ion images (Y axis is number 
of pixels). The line graph shows classifica- 
tion function (Y axis is opacity) used to ren- 
der Ag- images in Figs. 2 and 3. 


chemical-state-specific maps to distinguish Si 
and Si0, regions in the same Sit ion image. 

The high sensitivity of SIMS also allowed 3D 
imaging of B+ to monitor the distribution of 
this p-type dopant. The image files acquired 
on the SIMS imaging system were stored on flop- 
py disks in the MS-DOS format and uploaded to a 
workstation file server. Programs were written 
in the C language to convert the image file 
format and to normalize the image intensity for 
the variable image acquisition times used to 
optimize the inter-image dynamic range. The 
volume-rendering algorithm was implemented on a 
DEC 3100 workstation. 


Results and Diseussion 


The electron micrograph in Fig. 2(A) shows a 
portion of a glomerulus, including some tubules 
with membranes stained by antibody-~bound Ag 
particles. A series of Ag- and CN SIMS images 
used in the volume-rendering scheme were ob- 
tained in the same area shown in the electron 
micrograph. Examples of volume rendered images 
with different viewing angles are shown in Fig. 
3. Figures 3(A)-(D) are rendered CN” images; 
the second row (E-H) shows Ag™ ion images, and 
the third row (I-L) shows composite CN~ and Ag- 
images. If the sample surface is defined as 
the X-Y plane, Figs. 3(A), (E) and (I) in the 
first column are from a viewing angle normal to 
the sample surface. For each column of images, 
a coordinate frame is drawn at the bottom of 
the column to show the relative viewing angles, 
which are 0°, 80°, 120°, and 160°, in order, 
from the surface normal. 

The variation of the Ag particle distribu- 
tion with depth is revealed, which shows that 
the immunolabeling reaction is largely confined 


103 


FIG, 5.--Overlay of Al (bright color) and B 
(dark color) volume-rendered images for a RAM 
chip at 0°, 40°, 80°, and 160° from the surface 
normal in (A), (B), (C), and (D), respectively. 
The background is shown by medium gray color. 
FIG. 6.--(A) Overlay of Al (bright color) and 
SiO, (dark color) volume-rendered images. 
(B) Overlay of B (bright color) and Si0, 
color) volume-rendered images. 


(dark 


to membranes in the outermost region of the 
tissue section. By use of various gray levels 
and transparencies, 3D CN” ion images are 
overlaid onto the Ag- images to substantiate 
further the relative distribution of the la- 
beled antigenic sites (Figs. 2B and 3I-L).° 
From Figs. 3(E)-(H), diffusely or nonspecif- 
ically stained Ag particles are rendered as 
partially transparent features. In the 2D im- 
ages, the heavily stained membrane regions 
have an intensity greater than 230 in a gray 
scale range of 0 to 255, with background inten- 


ties below 50. However, nonspecific Ag stain- 
ing occasionally exists at the pixels with in- 
tensity between 50 and 230. As indicated in 
the histogram shown in Fig. 4, the classifica- 
tion function is linearly varied for the tran- 
sition region from 50 to 230. A voxel array of 
opacity values is generated by application of 
this classification function to the sample data 
set. By use of a ray tracing algorithm, a per- 
spective picture is composed on the 2D viewing 
screen from both the voxel color and opacity 
arrays. Based on the transparency concept, the 
voxels within the 50-230 intensity region are 
shown as more transparent features that repre- 
sent less concentrated or nonspecific Ag stain- 
ing (Fig. 3E-H). 

To illustrate briefly the result for the RAM 
device, Fig. 5 shows the overlay of Al* and Bt 
volume rendered images viewed at 0°, 40°, 80°, 
and 160° from the surface normal. The bright 
areas represent Al* ion images; the dark areas 
show B+ ions. These pictures reveal the 3D lo- 
calization of the Al metallization lines rela- 
tive to the B dopant distribution in the com- 
plex device structure. Figures 6(A) and (B) 
are overlays of Al + Si0, and B + Si0,, re- 
spectively. The dark regions in both images 
represent the Si0, features. They were extract- 
ed from the Si* ion images by the classifica- 
tion process, which was adjusted to render only 
the intensity range of Sit ions from Si0,. 

By comparison of various mass-resolved ion 
images, the volume-rendering technique applied 
to the SIMS data provides the ability to visu- 
alize the device structure, both physically and 
chemically. Other visualization techniques are 
also being explored to extract more quantita~ 
tive analytical information. One possibility 
is the rendering of iso-intensity contour sur- 
faces, which may provide quantitative indica- 
tions of the concentration distribution of ions, 
e.g., Bt ions from the dopant. Rendered SIMS 
images also will be used as a tool to assess 
methodologies for correction of matrix effects, 
topographic variations, and differential sput- 
tering rates that hinder quantitation. 
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IMAGING OF Al-Li-Cu ALLOYS WITH A SCANNING ION MICROPROBE 


K. K. Soni, D. B. Williams, J. M. Chabala, R. Levi-Setti and D. E. Newbury 


Al-Li base alloys are being introduced as next- 
generation materials for aerospace structures 
because of their high strength-to-weight ratio. 
Although the microstructure of these alloys has 
been extensively characterized, relatively lit- 
tle is known about their microchemistry, espec- 
ially Li distribution. Two principal techniques 
capable of detecting Li at the submicrometer 
level are electron energy loss spectrometry 
(EELS) and secondary ion mass spectrometry 
(SIMS). EELS can provide standardless quanti- 
tative analysis of Li and other light elements 
with a spatial resolution < ~50 nm, but has sev- 
eral drawbacks: poor signal-to-noise ratio (<1), 
stringent specimen requirements, and complex 
quantification and imaging procedures.* On the 
other hand, SIMS generates strong signals for 
most elements (which results in very high sensi- 
tivity) and can be conveniently exploited to 
produce chemical images of bulk specimens. Re- 
cently SIMS was applied to the study of Al-Li 
alloys in conjunction with transmission elec- 
tron microscopy (TEM).?°% The goal of the 
present study was to correlate the microstruc- 
ture of Al-Li-Cu alloys with corresponding ele- 
mental composition images obtained with a high- 
resolution scanning ion microprobe (SIM) utiliz- 
ing secondary ion mass spectroscopy. 

Most Al-Li base commercial alloys contain 
Cu, often with the addition of Mg. The 
Al-Li-Cu phase diagram is crucial to the under- 
standing of the constitution of commercial al- 
loys such as 2090 (Al-Li-Cu) and 8090 
(Al-Li-Cu-Mg). However, relatively little work 
has been done regarding the phase equilibria in 
this system since the seminal study performed 
by Hardy and Silcock.* They identified the ter- 
nary phases and determined isothermal sections 
at 350 and 500 C using metallography and x-ray 
diffraction work on a large number of alloys. 
In the Al-Li-Cu system, two phases of major im- 
portance are T, and Tz, with nominal composi- 
tions of Al,LiCu and AlgLi3Cu, respectively. 
In commercial alloys, containing 2 wt.% Cu, Tj 
develops a plate-like structure with a thick- 
ness < v2 nm and contributes to the alloy 
strength by dispersion of planar slip. How- 
ever, it cannot be analyzed in this form by the 
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available microanalytical techniques. To2 is 
the equilibrium phase with a controversial 
icosahedral structure; its presence is undesir- 
able in the industrial alloys. The phase 
equilibria between T, and Tz were studied in 
this work by casting Al alloys with high con- 
tents of Li and Cu. 


Experimental Procedure 


Two alloys A (A1-23.4at.%Li-17.lat.%Cu) and 
B (A1-18.7at.%Li-11.6at.%Cu), were studied 
here, cast close to the stoichiometry of T, 
and T2, respectively, in order to have phases 
large enough to microanalyze by imaging SIMS. 
The alloys were heat reated at 500 C for 7 
days. Bulk specimens were preapred by conven- 
tional metallographic procedures with final 
stages of preparation including polishing with 
lum diamond paste and 0.3um Al,0, suspension 
in ethylene glycol. Specimen contact with 
water was avoided as it may alter the surface 
chemistry by leaching out Li. Polished speci- 
ments were sputter-coated with a thin layer of 
Au-Pd to protect the surface from atmospheric 
oxidation. 

SIMS work was performed on the high-resolu- 
tion scanning ion microprobe (SIM) at the Uni- 
versity of Chicago (UC). In the UC SIM, a 
primary ion beam is extracted from a liquid Ga 
source and is accelerated by 40 kV. The beam 
can be focused to %20 nm FWHM. For this ex- 
periment, the instrument was operated with a 
7Onm-diameter, 40pA probe, which was scanned 
over a 512 x 512 raster encompassing areas up 
to 160 x 160 um?, The specimen was held at 
2 x 10°® Torr during the analysis. The secon- 
dary ions are energy filtered and analyzed 
according to their mass-to-charge ratio in an 
RF quadrupole mass spectrometer. By a rapid 
peak-switching procedure, the UC SIM can ac- 
quire up to four signals/images simultaneously. 
which originate from the same depth in the 
specimen.° Topographic images of the sample 
surface can also be constructed by collection 
of either the ion-induced secondary electrons 
(ISE) or the non-mass-resolved secondary ions 
(ISI). Secondary ion images are recorded on a 
KONTRON IBAS image processing workstation in- 
terfaced to the UC SIM. The digitally stored 
images can be processed and analyzed in retro- 
spect to obtain quantitative information from 
selected areas of the image such as precipi- 
tates. Image acquisition times range from 1-9 
min. 

Because of high Li content, these alloys un- 
derwent surface oxidation during preparation 
and subsequent storage, and it was necessary 
to clean the surface by sputtering with Ar* 
ions in the antechamber of the UC SIM. Images 
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sate tie 


FIG. 1.--Backscattered electron micrograph of alloy A (Al-23.4 at.% Li-27.1 at.% Cu), showing 
presence of large primary T,; and phase mixture of Tp, a (or Alsgg, aluminum solid solution) and 


secondary T,. 


FIG. 2.--Backscattered electron micrograph of alloy B (Al1-18.7 at.% Li-11.6 at.% Cu), showing 
large primary T, and eutectic mixture of T, (light) and a (dark). 


were acquired only after the seondary ion sig- 
nals had become stable.’ 


Results and Discusston 


Alloy Microstructures. Alloy A. Alloy A 
was cast close to the nominal stoichiometry of 
the Ti; (Al,LiCu) phase. This composition can 
be located in the T; + Tgp + a phase field of the 
500 C isotherm as determined by Hardy and Sil- 
cock.’ Figure 1 is an SEM backscattered elec- 
tron micrograph and shows the large primary 
phase T, and a mixture of Tp, a and secondary 
T, as indicated. Tp is the ternary phase with 
a nominal stoichiometry Al7,.s5CuuLi. Tp appears 
brighter than T,; because of its slightly higher 
average atomic number. The darkest constituent 
is aluminum solid-solution, a. 


Alloy B. Alloy B was slightly off the nomi~ 
nal stoichiometry of the T, phase and its com- 
position lies in the T, + Ti + a phase field of 
the 500 C isotherm.” Figure 2 shows a back- 
scattered electron micrograph of this alloy; 
the large primary phase is T, and the eutectic 
mixture is composed of T; (light) and a (dark) 
as indicated. 


SIMS Imaging 


Alloy A. Figures 3(a-d) show Al*, Li*, Cut, 
and O7 distribution maps of the same specimen 
area in alloy A. The individual phases are 
marked. It is evident that o (aluminum solid 
solution) dominates in the Alt image, but it 
contains the least amounts of Li and Cu, as ex- 
pected. TT, can be identified as the phase rich- 
est in Li (Fig. 3b). Ti and Tp contain roughly 
equal amounts of Al and Cu and therefore cannot 
be discerned from each other in Al and Cu maps. 
These images represent the distributions of 
secondary ion intensities, not of true concen- 


rations, which requires empirical calibration to 
account for the well known 'matrix-effects" and 
"instrumental factors." Such calibration was 
carried out for the binary Al-Li system for 

the UC SIM and indicated a linear relationship 
between the ratio of Li* and Al* signals and Li 
content.” A similar calibration approach for 
the Al-Li-Cu system will be the subject of a 
future publication. Nevertheless, the secon- 
dary ion images are useful in demonstrating the 
relative trends in elemental distributions. 

The feature in the top left corner is Li-oxide 
contamination. The O- image (Fig. 3d) displays 
the same distribution as in the Li* map (Fig. 
3b). This similarity suggests that the oxygen 
segregation is directly related to the Li con- 
tent of the individual phases. The traces of 
oxygen are assumed to arise from the oxidation 
of the liquid alloy during casting, reaction 
of Li with oxygen in the specimen chamber, or 
surface oxidation during specimen preparation 
and storage. The last factor is unlikely as 
the specimens were sputter-cleaned with an Art 
gun, as described earlier in the experimental 
section. : 

A subtle effect in the Li map is highlighted 
in Fig. 3({e). There is a Li diffusion zone be- 
tween T, and Tp indicating diffusion of Li from 
the former (Li-rich) to the latter (Li-poor). 
The Tp precipitates are deficient in Li in the 
central region compared to the particle periph- 
ery. Figure 3(f) is the Li intensity profile 
across the horizontal line shown in Fig. 3(e) 
which clearly displays the Li intensity levels 
corresponding to T; and Tp and their interdif- 
fusion zone. A possible explanation for this 
phenomenon is that the Tp phase forms by a per- 
itectic reaction between liquid and T1, which 
involves solute diffusion through the growing 
solid and consequently seldom reaches equilib- 
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rium state. Formation of Tp 
by a peritectic reaction was 
also mentioned by Dubost et 
al.,° who characterized the 
phase equilibria in the 
Al-Li-Cu system. This Li pro- 
file could not be seen in the 
backscattered electron micro- 
graph of this alloy (Fig. 1) 
as the resulting change in 

the average atomic mass is too 
small to detect. 


Alloy B, Figures 4(a-c) 
show Al*, Lit, and Cut distri- 
bution maps of the alloy B. 
The large Li-rich phase is T, 
and the honeycomb-shaped eu- 
tectic mixture consists of Ti 
(Cu-rich) and o (Al-rich). 

The Cut signal was much weaker 
than Al* and Li~ Signals. 
This poor signal is a conse- 
quence of the intrinsically 
low secondary ion yield of Cu. 
In addition, the UC SIM is op- 
erated at high vacuum (2 x 
10-® Torr) without any intro- 
duction of oxygen, which is 
known to enhance positive ion 
emission. Consequently, the 
poor signal statistics in the 
Cu* map result in an inferior 
image contrast and probe-size 
resolution cannot be attained. 
The Cu distribution is very 
inhomogeneous especially in 
the T; phase and is a conse- 
quence of the slow diffusion 
rate of Cu and the mode of 
formation of T; in this alloy, 
i.e., by a eutectic reaction. 
This inhomogeneity at a sub- 
micrometer level could not be 
detected by backscattered 
0 20 40 60 80 electron imaging (e.g., Figs. 
Distance Along Profile (2m) 1 and 2) or by x-ray mapping 
(e.g., the Cu and Al x-ray 
ee maps in Fig. 4 of Ref. 10). 


FIG. 3.--SIMS maps of alloy A described in Fig. 1: (a) Alt, pee ee Ton iaSs Pere 
ners + = : : : trum of this alloy was taken 
(b) Li*, (c) Cu™, (d) O°. These images are displayed with loga- whieh Hevea lol che Hrecenea ee 
rithmic gray scale to enhance brightness in low-intensity areas. ae cee 
nee : . ay oxygen and fluorine in these 
Individual phases are marked. Bar in (a) = 10 um. (e) Li” map ; 
: ; ae : alloys, estimated to be at ppm 
of alloy A. Diffusion of Li is seen from T, (light) to Tp (dark) Tavele.. whieh ie noe ees Gece 
and diffusion zone is of intermediate intensity. (f) Profile of : P 4 


Li intensity across horizontal line indicated in (e). ea a oe ae 


LiF-) in the eutectic matrix and it is clearly evident that these elements are completely segre- 
gated to the T; plates. This segregation tendency is associated with the strong affinity of oxy- 
gen and fluorine for lithium. Oxygen is likely to be introduced by oxidation of the liquid alloy 
during casting. Fluorine is thought to be left over from the cryolite used in the aluminum ex- 
traction process, but to the authors’ knowledge its presence in commercial aluminum-base alloys 
has never been examined. 


COMPUTER -ASSISTED LINE PROFILE ACROSS 
DIGITALLY RECORDED SiMS IMAGE 


AI-Li-Cu Alloy 
150 e 


200 


Relative Li Concentration 
S 


Conelustons 


Two alloys with compositions close to the stoichiometry of Ti (Al,LiCu) and T, (AleLisCu) were 
studied by scanning electron microscopy and secondary ion mass spectrometry. Chemical images 
were acquired by a high-resolution scanning ion microprobe in order to improve the understanding 
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of the alloy chemistry and to aid in the inter- 


pretation of the microstructure. Cu was found 
to be inhomogeneously distributed, manifesting 
the slow diffusion rate of Cu relative to that 
of Al and Li. Also, traces of oxygen and flu- 
orine were detected in the Li-rich T, phase. 

Li distributions revealed the difficulty in at- 
taining equilibrium between Tp and T, as Tp 
forms peritectically. 
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5 
X-ray Microanalysis (Bulk Sarmples) 


FLUORESCENCE EFFECTS IN QUANTITATIVE MICROPROBE ANALYSIS 


Se oe Be 


The most important form of fluorescence is that 
involving excitation by characteristic radia- 
tion. The standard method of calculating cor- 
rections for this effect is that derived by 
Castaing’ and modified by Reed.? The approxi- 
mations used in the derivation are reconsid- 
ered here; the effect of substituting new 
data for fluorescence yields, etc., is also 
discussed, Peak intensities measured with a 
Si{Li) detector are used to check the intensity 
expression in the fluorescence formula. Re- 
sults obtained after updating of the correction 
procedure are compared with those given by the 
original version. The difference is greatest 
for low atomic numbers (e.g., 11-15), for 
which, however, the absolute size of the cor- 
rection is small. 

Fluorescence excitation by the continuum is 
usually ignored, but can be quite significant. 
The factors governing the size of the correc- 
tion are considered, by use of the formula 
given by Springer.* Measurements of peak and 
continuum intensities are used to test the 
validity of this formula. 


Characteristte Fluorescence 


The expression obtained by Castaing’ for the 
fluorescence intensity I- emitted by element A 
as a result of excitation by the characteristic 
radiation of element B is 


A 


Up a - 1 
ee 2 0.5C, i  £ Wal pt obs (1) 
B A 
where Cy = mass concentration of A, jie = mass 


absorption coefficient (m.a.c.) of pure A for B 
radiation, np = m.a.c. of the sample for B ra- 
diation, ry = absorption edge jump ratio of A, 
wa = fluorescence yield of A, Ip = intensity of 
B radiation, and fap, = correction factor for 
absorption of emerging fluorescence radiation. 
Dividing both sides of Eq. (1) by I, (the in- 
tensity of A radiation excited by electron bom- 
bardment) and assuming I, = Cale and Ip = CpIR, 
where Ih and 1B are the intensities from pure A 
and B respectively, we have: 


Pe UB | 
7~ = 0.5¢, —— —=—— wy, _B (2) 
A ae i abs 


In the usual form of the correction procedure 
the following version of the intensity expres- 
sion given by Green and Cosslett* is used: 


OA 67 
aK. (U. = 17 
A, A 


(3) 


S. J. B. Reed is with the Department of 
Earth Sciences, University of Cambridge, Cam- 
bridge, England, CB2 3EQ. 


Reed 


where Aq is the atomic number of A, U, is the 
overvoltage ratio for A (the incident electron 
energy Ep divided by the critical excitation 
energy of A, E¢) and K is a constant. Substi- 
tution of the G-C expression in Eq. (2) gives: 


A j 1.67 
7 epee 2 zs a waft : fabs (4) 
‘< UB A BVA 


The J(A) Approxtmation 


A simplification originally introduced to 
facilitate the calculation of corrections by 
hand involves combining several parameters in 
Eq. (4) into a single variable J(A), equal to 
0.50 (vt, - 1)/tTalswp(Ag/Ag)]. For a given A, 
J(A) is assumed to be constant and can be ob- 
tained from a table.” Although this approxima- 
tion is valid when A and B are close in atomic 
number, significant errors occur for larger 
atomic number differences. It is therefore 
suggested that the use of:J(A) should be dis- 
continued, and Eq. (4} be used in full. 


The Absorptton Factor 


In deriving an expression for the 
absorption factor fap., Castaign used an 
exponential function to represent the depth 
distribution of primary x-ray production. * 
though this approximation is satisfactory in 
most cases, it has been found to underestimate 
faps for elements such as Mg, Al, and Si by 
~10%.° A more realistic function would be 
preferable, but it is not proposed to address 
this question further here. 


Al- 


Input Data 


For calculating fluorescence corrections, 
values are required for mass absorption coeffi- 
cients, absorption edge jump ratios, and fluo- 
rescence yields. For m.a.c.s it is desirable 
to use the more recent data of Heinrich® rather 
than earlier values: the effect is not dramat- 
ic but is sometimes significant. As regards 
the K edge jump ratio, Reed? assumed a constant 
value of 0.88 for (r - 1)/r, which is too small 
in the low-Z region. The following polynomial 
is suggested as a preferable alternative: 
(xr - 1)/r = 1.024 - 9.098 x 10-52 
+ 1.268 x 107*2? (5) 


For the K-shell fluorescence yield, Reed? used 
the following expression: w = Z*/(10° + Z*). 
This underestimates w, especially for low Z, 
and the following polynomial (fitted to data 
from Ref. 7) is suggested: 


-2.6436 x 10-2 + 1.0288 x 10-22 
- 1.4625 x 10-3Z2 + 1.0123 x 107*Z3 
SE BLS Se 10787" 


wo = 


(6) 
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FIG. 
fluorescence yield w and absorption 
edge jump ratio factor (r - 1)/r. 


1.--Ratio of new to old values of 


The new values of w and (r - 1)/r are compared 
with those used previously in Fig. 1. For 

Z > 23 the difference is <10% and therefore is 
not very serious. However, the discrepancy be- 
comes quite large for low Z (though the abso- 
lute size of the correction in this region is 
small). 


The U-dependent Term 


The (U - 1)7°°” term in the Green-Cosslett 
(G-C) intensity formula (Eq. 3) is an approxi- 
mation for the expression U ln U- U + 1 and 
there is no valid reason for not using the lat- 
ter, more rigorous, form. In relation to fluo- 
rescence corrections, the difference is usually 
minor but is significant for values of U that 
are either small or large. As shown in Fig. 2, 
this difference becomes important for low atom- 
ic numbers, especially with a high accelerating 
voltage (and hence high U). The slope of the 
curve in this region is such as to make the cor- 
rection larger than given by the original G-C 
formula. There is also considerable divergence 
for high atomic numbers and low accelerating 
voltages (low U), which in this case leads to a 
reduction in the fluorescence correction. 


The Atomte Number Effect 


In deriving the expression for the x-ray in~ 
tensity emitted by a pure element given in Eq. 
(3), Green and Cosslett* used a simplified form 
of stopping power in order to obtain an integ- 
rable function. This deficiency can be remedied 
if the intensity is multiplied by 1/S, where S 
is the Bethe stopping power factor® given by 
S = (Z/A)1n (1166E/J), in which E is the mean 
electron energy, equal to (Eo + E,)/2, and J is 
the mean ionization energy. It is also desir- 
able to include the factor R, which allows for 
the effect of electron backscattering. (A poly- 
nomial such as that in the NBS 'COR 2' program 
can be used for calculating R.) These factors 
are identical to those involved in the part of 
the ZAF correction procedure concerned with the 
"atomic number effect." 

With the incorporation of the R and S factors 
and the preferred form of U-dependent function, 
Eq. (3) becomes: 


kV 
30 


14 18 22 26 30 z 34 


FIG. 2.--Ratio of U-dependent functions in intensity 
expression, for accelerating voltages of 15 and 30 kV; 
f;(U) = U MNU-U+1, f2(U)= WU - 1)**8”. 


A 


ks, (7) 


Uy in Uy ~ Uy + 1) 


where RA and SA are the backscatter and stop- 
ping power factors for A radiation in a pure A 
target. The S factor has the effect of chang- 
ing the dependence of the intensity on Z for a 
given Ep and on Ep for a given Z. These 
trends are modified by the variation of R, but 
the effect of S is predominant. 


Intenstty Ratto in a Common Matrix 


For fluorescence corrections the ratio of B 
and A intensities for the same matrix (the 
analyzed sample) is required, hence it is not 
strictly correct to use pure element intensi- 
ties. We can easily take that into account by 
substituting in the fluorescence formula inten- 
sities IX and If, which are the pure element 
intensities corrected for matrix X, given by 


w R® 
ye xk in -U, + 1) (8) 
A A sX “AU VA VA 
where RX and SX are the backscattering and 
stopping power factors for A in matrix ,X. An 
analogous expression may be used for IR. How- 


ever, this factor varies only very slowly with 
Za (e.g., by <3% for ae 34), hence for 
the purpose of fluorescence calculations the 
R/S term can be dropped. It follows that the 
only modification required to Eq. (4) is to 
replace [(Up - 1)/(U, - 1)]+°°7 by 
(Up In Up - Up + 1)/(Uy In Up - Ua + 1). 
Because the R and S factors are neglected in 
Eq. (3), this equation (preferably with the 
above modification) is well suited to the cal- 
culation of relative intensities in a common 
matrix. However, if it is to be used for its 
original purpose, namely predicting pure ele- 
ment intensities, then the R and S factors 
should be included, as in Eq. (8). 


Experimental Intensity Data 


Various studies (e.g., Ref. 10) have shown 
that the detection efficiency of a Si(Li) de- 
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TABLE 1.--Measured total K intensities for pure 
elements (photons/s/na/msterad). 


accelerating voltage (kV) 


15 20 pas 30 
22 1230 2290 3540 4860 
25 1040 2010 3260 4390 
24 870 1760 2790 3990 
Zo 730 1510 2470 3540 
26 610 1310 2170 3140 
af 470 1100 1900 2820 
28 Lo 950 1620 2440 
29 289 760 1380 2130 
30 213 610 1140 1810 
Si 152 500 980 1570 
52 100 402 820 1360 
oe) 64 301 670 1110 


tector is close to 100% over the range of ener- 
gies that is of most importance for fluores- 
cence corrections (4-12 keV). Such a detector 
has therefore been used to measure the intensi- 
ties of the characteristic peaks of pure ele- 
ments for the purpose of testing intensity ex- 
pressions such as those already discussed. In 
order to define the solid angle of acceptance 
and avoid possible edge effects, a 1mm aperture 
was placed in front of the detector. Inte- 
grated intensities of the Ka and K8 peaks of 
pure elements from Ti (Z = 22) to As (Z = 33) 
were measured, with accelerating voltages of 
15, 20, 25, and 30 kV. These values were cor- 
rected for background by linear interpolation. 
The small correction required for window ab- 
sorption was calculated from nominal values for 
the thickness of the Be window, etc. Correc- 
tions for self-absorption and continuum fluo- 
rescence were also applied. The results are 
given in Table 1. The estimated relative accu- 
racy is about +5%, The absolute accuracy may be 
somewhat worse, owing to uncertainty in the 
solid angle. 


Comparison Between Experimental and Theorettcal 
Intensittes 


As has been found in other studies (e.g., 
Ref. 11), the exponent of 1.67 requires amend- 
ment in order to yield good agreement between 
the G-C expression and experimental data for a 
given element at different accelerating volt- 
ages. For the data in Table 1 the "best fit" 
values of the exponent depend systematically on 
Z, rising from 1.56 for Z = 22 to 1.70 for 
Z = 33. The "constant"! also varies somewhat 
with Z. These observations confirm the short- 
comings of the G-C expression in its original 
form when used to predict pure element intensi- 
ties and can be explained by the neglect of the 
R/S term (which modifies the dependence on Eo) 
and to some extent the substitution of 
(Ue cy" for U In Us Ue de 

For fluorescence corrections the important 
question is the dependence of the intensity on 
Z for a given Ep, in a constant matrix. In 
Fig. 3 experimental pure element intensities 
(for Eo = 20 keV), normalized to a matrix of Fe 
by the application of R and S factors, are com- 


pared with the G-C expression in its original 
form and with U In U - U + 1 instead of 

(U - ee For Z > 20 the difference be- 
tween these forms is small and both agree with 
experiment quite adequately for present pur- 
poses. For Z < 20 the two forms diverge, but 
direct experimental evidence is lacking in 
this region. 


Intensity Expression for Low Z 


For Z < 20 it becomes increasingly difficult 
to obtain reliable intensity data because of 
uncertainty in the detection efficiency. How- 
ever, it is possible to determine the depen- 
dence of the intensity for a given element on 
accelerating voltage (assuming that an accurate 
absorption correction is used). Armstrong® 
measured intensities for a number of elements 
at 15 and 20 kV. An increasing divergence from 
the (U - 1)'°®” relationship was observed for 
Z < 20, on the basis of which Armstrong pro- 
posed a new U-dependent function. However, the 
validity of this new function for use in fluo- 
rescence corrections is unproved and is ques- 
tionable because it does not tend to 1 aS Zp 
approaches Za. The discrepancy between the 
experimental data for low atomic numbers and 
the G-C expression is partly attributable to 
the divergence between (U - 1)*°°” and 
U in U - U + 1 for large U values, and partly 
to the effect of the R/S term. As shown in 
Fig. 4, quite good agreement is obtained be- 
tween the modified expression (Eq. 7) and Arm- 
strong's experimental data. Hence there is no 
reason to use a different intensity expression 
for low atomic numbers. 


Compartson of Old and New Correction Methods 


The effect of the changes to the correction 
procedure outlined above can be evaluated by a 
comparison of the factor 1 + (I¢/Ia) (by which 
uncorrected concentrations are divided) as cal- 
culated by the old and new methods. The old 
method is defined as that put forward in 1965,? 
based on tabulated J{A) values (though this 
last is not an essential part of this method). 
The new method is as defined above [not using 
J(A), but using U In U - U + 1 and new data for 
fluorescence yields, etc.] 

Figure 5 shows the comparison between old 
and new methods for a trace of Ti in pure ele- 
ments of atomic number 24-32. The new method 
gives larger corrections but the maximum dif- 
ference is only about 2.5% of the Ti concen- 
tration, which is not very significant given 
that the concentration concerned is low. (The 
correction gets smaller as the concentration 
increases.) The main cause of the underestima- 
tion of the correction by the old method is the 
J({A) approximation. 

Figure 6 shows the comparison between old 
and new methods for a trace of Al in pure ele- 
ments of atomic number 14-20. The new method 
again gives a larger correction. In this case 
the main cause is the higher fluorescence yield 
values used. The maximum difference is about 

% of the Al concentration, which increases to 


4 
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nearly 4% if the underestimation of the absorp- 
tion factor noted by Armstrong® is taken into 
account. 


The K&B Line 


So far it has been assumed that the K spec- 
trum consists solely of the Ka (a1 + a2) line, 
whereas fluorescence calculations strictly 
should be divided into separate parts for Ka and 
K8 (consisting mainly of 81, but including minor 
8 lines). For this purpose data for relative 
intensities are required (e.g., from Ref. 12). 
Since the Kg intensity does not exceed about 
14% of the total K intensity, the effect of sep- 
arate calculation is negligible unless there is 
a significant absorption edge between the Ka 
and Kg lines. 


Summary--Charactertstte Fluorescence 


The following measures are proposed to im- 
prove the accuracy of characteristic fluores- 
cence corrections: 


1. Use the full formula (Eq. 4) rather than 
the simplified version with J(A) = constant. 
2. Substitute more recent data for fluores- 
cence yields and absorption edge jump ratios, 
as given by Eqs. (5) and (6). 
3. Replace (U - 1)1°®” by U InU-U+1 in 
(4). 


The effect of these changes is generally 
small] when the correction is large (Za, > 20). 
For low atomic numbers (Z, < 20) where the abso- 
lute size of the correction is small, the rela- 
tive difference is greater and is caused mainly 
by the change in the fluorescence yield values. 


BO « 


Continuum Fluorescence 


Springer*® derived the following expression 
for the continuum fluorescence intensity for_ 
element A in a sample of mean atomic number Z: 


I r 1 an 
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where uA and Hc are the m.a.c. values of pure A 


and the sample, respectively, on the high-energy 
side of the absorption edge of A. (For details 
of the absorption factor faps, see Ref. 3.) 
Equation (9) refers to the simple case where 
there are no absorption edges between Eo and 

EA: if such edges are present, the calculation 
i$ divided into separate parts for each inter- 
edge region. ? 

The constant G incorporates terms that orig- 
inate from expressions used for stopping power, 
jonization cross section, and continuum intensi- 
ty. Springer proposes the value 4,34 x 105° 
for K radiation (with Ep in keV). Using the 
same formulas for stopping power, etc., one can 
express the ratio of continuum to characteris- 
tic intensity for a pure element thus: 


coe es a ar eae (10) 
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where AE is the width of the band of continuum 
radiation concerned and E is the mean energy 

of this band (both in keV). Measuring I-/I, 
thus provides an independent means of verifying 
the value of G. 

Total K intensities (a + 8) and continuum 
intensities were measured on samples of pure 
Ti, Fe, and Zn with accelerating voltages of 
20 and 30 kV. The continuum was integrated 
over 1 keV bands between 5 and 12 keV. Only 
regions free from characteristic peaks were in- 
cluded. All intensities were corrected for 
absorption in the detector window and the sam- 
ple itself. Values of G calculated by Eq. (10) 
are plotted in Fig. 7. The slight downward 
trend with continuum energy is consistent with 
previously observed divergences from Kramers's 
law. The mean experimental G value of 3.85 x 
107° is considerably closer to the Springer 
value than to that of 2.9 x 107° used by 
Hénoc in his version of the continuum fluo- 
rescence correction,?"* 


Factors Controlling Continuum Fluorescence 


The calculated continuum fluorescence inten- 
sity for a trace of Zn in samples consisting of 
otherwise pure elements of atomic number 6-42 
is plotted in Fig. 8. The continuum fluores- 
cence intensity is controlled predominantly by 
the ratio uA/uc. For a trace of A in B this 
ratio varies almost as the inverse cube of Zp, 
thereby overriding the effect of Zp on the 
continuum intensity. In a "light" matrix, A 
atoms absorb a disproportionate fraction of the 
continuum, owing to the low m.a.c. of B. This 
effect decreases as Zp > 30. The jump at 29 
occurs because the emerging A radiation is no 
longer strongly absorbed by B. The further 
jump at 31 is caused by the sudden decrease in 
uB which occurs when the energy of the B ab- 
sorption edge becomes greater than that of the 
A edge and differential absorption by A en- 
hances I¢. 

For Zp > 30, the absorption edge of B lies 
within the band of continuum responsible for 
fluorescing A. Strong differential absorption 
by A occurs in the section between the A and B 
edges, but not above the B edge. The increase 
in the width of the interedge region with in- 
creasing Zp causes I¢ to increase, but is coun- 
teracted by a simultaneous decrease in the dif- 
ferential absorption effect, so that I/II, 
passes through a maximum, as shown in Fig. 8. 


Summary--Continuum Fluorescence 


The continuum fluorescence correction is un- 
justifiably neglected--it commonly exceeds 1% 
and can rise above 10% in cases where there is 
strong differential absorption by the fluo- 
resced element. The correction should be 
therefore included in quantitative analysis 
programs. 
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FIG. 3.--Pure element intensities relative to Fe (corrected for Z effect): x, experimental 
points; 1, Green-Cosslett equation (original form); 2, ditto with U In U - U + 1 in place of 
(U1) 

FIG. 4.--Ratio of pure element intensities for 15 and 20 kV accelerating voltages, as a function 
of critical excitation energy: 0, experimental points from Ref. 5; 1, Green-Cosslett equation 
(original form); 2, ditto with U in U ~ U +1 in place of (U -~ 1)!-°?, multiplied by R/S. 

FIG. 5.--Characteristic fluorescence enhancement factor for trace of Ti in element B, calculated 
by old (1) and new (2) methods (accelerating voltage 20 kV, x-ray take-off angle 40°). 
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FIG, 6.--Characteristic fluorescence enhancement factor for Al (otherwise as Fig. 5). 
FIG. 7.--Experimental values of continuum constant G (mean value, 3.85 x 107°; Springer? 
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FIG. 8.--Continuum fluorescence enhancement factor for trace of Zn in pure B; 30 kV accelerating 


voltage, 40° x-ray take-off angle (derived from Springer’*). 
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MEASUREMENT AND PARAMETERIZATION OF ${oz) CURVES FOR 
QUANTITATIVE ELECTRON PROBE MICROANALYSIS 


J. D. Brown 


Writing correction equations in terms of $(pzZ) 
curves (x-ray generation curves) has the very 
attractive attributes of being simple to under- 
stand, as exact as the curves can be approxi- 
mated, and amenable to several different meth- 
ods of improvement from experimental measure- 
ment to the use of theory relating electron in- 
teraction with atoms. The origin of $(pz 
curves goes back to the original work of Cas- 
taing.’ He recognized that the x-ray emission 
from a solid could be written in terms of the 
o(pz) curves. Later, during the 1960s and 
1970s, lack of data on ¢(pz) curves and limita- 
tions imposed by computing power at that time 
forced researchers into simple approximations 
for the corrections. A resurgence of the (pz) 
approach has occurred as computing power and 
measured data have increased. More and more 
routine electron microprobe analyses are car- 
ried out by use of $(pz) correction equations. 

The three corrections that have been identi- 
fied as necessary for conversion of measured 
characteristic x-ray k-ratios to composition 
can be exactly expressed in terms of $(9z) 
curves. The absorption correction, which is 
the fraction of generated x rays that escape 
from the specimen, is expressed in terms of 
>{pz) curves as 


f* o(pzjexp(-uez cscp)dpz 
f(x) = sc ca 
{ é(pz)dpz 


in which the numerator represents the number of 
x rays that escape from the specimen at take- 
off angle ~, and the denominator represents the 
total number of x rays generated in the speci- 
men. The atomic number effect recognizes that 
the number of x rays generated in the specimen 
per unit concentration of a given element is 
larger in matrices of higher atomic number. In 
terms of $¢(pz) curves, the atomic number effect 
can be written 
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in which the area under $(pz) curves is the to- 
tal number of x rays generated in the specimen 
and standard per unit current and unit concen-~ 
tration. The correction for fluorescence be 
absorption of characteristic x rays can also 
be written in terms of ¢(pz) curves as 
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In this equation, the primary radiation from 
element B is emitted at depth oz, the fluores- 
cent radiation from element A at depth ps. The 
constant K includes fluorescence yields, jump 
ratios, etc.; the integral of exp(x)/x is the 
exponential integral, and Wa and Wp are weight 
fractions. The first term in the equation 
gives the fluorescent radiation of element A 
in terms of the direclty excited radiation of 
B. The second term is the ratio of directly 
excited x rays of A to B, and the third term 
is the ratio of intensities from thin layers 
of A and B that are used in the normalization 
of the (pz) curves. Although such an expres- 
sion can be written, this approach has rarely 
been used on the rationale that the fluores- 
cence is adequately represented by simpler ex- 
pressions. 


Measurement of (pz) Curves 


Castaing and Descamps? first suggested the 
sandwich sample method for the determination of 
(pz) curves. In this method, a "tracer"’ layer 
is deposited on a polished block of a pure ele- 
ment and is then covered, area by area, by suc- 
cessively thicker layers of the same pure ele- 
ment. The consequence is a specimen in which 
a thin layer of the tracer element is found at 
various depths in the pure element substrate. 
Intensities are measured for a characteristic 
x-ray line of the tracer element from the var- 
ious depths in the specimen. After correction 
for dead time and subtraction of background, 
the intensities are corrected for absorption 
by the pure element layer to obtain the gener- 
ated intensity. To normalize the curves and 
to make them independent of the tracer layer 
thickness, Castaing and Descamps proposed com- 
paring these intensities to that from the same 
tracer layer thickness isolated in space. This 
procedure was accomplished by evaporation of 
a layer of tracer on a thin carbon substrate at 
the same time as the tracer layer was evaporat- 
ed on the pure element substrates. The ratio 
of corrected intensities from the tracer layer 
deposited on the substrate to the intensity 
from the same thickness of tracer on the carbon 
film (isolated in space) is termed the $(0) 
value. An alternate method of determing ¢$(0) 
values is to deposit the same thickness of tra- 
cer layer on substrates composed of pure ele- 
ment of differing atomic number, measure the 
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intensities from these substrates, and then ex- 
trapolate to atomic number 0 for which the 
>(0) value must be unity. 

The choice of the tracer layer is quite cru- 
cial. To mimic the properties of the matrix 
material, the tracer should be close in atomic 
number but not suffer any characteristic fluo- 
rescence. Originally Castaing and Descamps 
chose bismuth as a tracer in gold, zinc as a 
tracer in copper, and copper as a tracer in 
aluminum. This last choice was criticized as 
inappropriate and a later curve measured with a 
magnesium tracer showed significant differ- 
ences.* Parobek and Brown showed that the 
sandwich sample technique could be used more 
generally to look at the atomic-number effect.” 
They deposited identical thicknesses of tracer 
layer in specimens of different atomic number. 
The consequence of measuring the same charac- 
teristic line from the same tracer on matrices 
of different atomic number is that these inten- 
sities reflect the differences in electron 
scattering and stopping power for the different 
elements, exactly the atomic-number effect. 

The layer must also satisfy several criteria 
if a successful and accurate measurement of 
¢(pz) curves is to be obtained. The layer must 
be thick enough to yield sufficient intensity 
in a reasonable count time. At the same time, 
the layer must be thin enough so that the $(0z) 
curve is not distorted by the layer. In prac- 
tice for electron-beam energies in the range 
15-30 keV, layer thicknesses of 5-10 ug/cm? are 
appropriate. If the electron energy and absorp- 
tion edge energy become small, the layer thick- 
ness must decrease accordingly so that it be- 
comes difficult if not impossible to maintain 
measurable intensities without distorting the 
¢(ez) curve. An example of this effect of the 
tracer layer has been explored by Karduck and 
Rehbach. ° 

An alternate method to measure ¢(pz) curves 
is the wedge specimen technique of Blichner and 
Pitsch.® A specimen consisting of two materials 
placed against each other is taper-sectioned at 
a small angle through the interface. The result 
is a layer of increasing thickness of one ma- 
terial over a substrate material. The thickness 
of the overlayer can be calculated if the dis- 
tance from the interface on the surface is mea- 
sured and the angle of the taper section is 
known. Characteristic x-ray intensities are 
measured as a function of distance from the in- 
terface yielding the integral of the ¢(pz) 
curve. By differentiation of this curve, the 
d(oz) curve itself is obtained. A relatively 
large number of $(pz) curves have now been mea- 
sured for a range of electron energies and a 
variety of tracers and matrix materials. This 
body of data is now sufficient to develop gen- 
eralized expressions for $(9z) that can predict 
the shape and area of curves for any composition 
and analysis conditions. 


Modeling of o(p2) Curves 


The general shape of a typical $(pz) curve 
can be seen in Fig. 1. The curve rises from a 
value at the surface which is greater than 1, 
passes through a maximum at some depth into the 


specimen, and then decays to zero at some great- 
er depth. The details of the shape of the 


curve are important in obtaining an accurate 
absorption correction; the area under the 
curve must be accurately modeled for a good 
atomic-number correction. 

The early workers in the field argued that 
accurate modeling of the shape of the $(pz) 
curve was not important in quantitative analy- 
sis and indeed almost any shape was used from 
a constant intensity as a function of depth 
(the quadrilateral model of Belk’) to an ex- 
ponential decay from the surface (the thin- 
film model of Duncumb®). Of course in the 
limit of no absorption of the x rays on leav- 
ing the specimen, the shape is indeed immater- 
ial; only the total areas need be accurate. 

On the other hand, as the absorption increases, 
the accuracy of the shape of the $¢(oz) curves 
becomes more and more critical. The rule of 
thumb that f(x) should not be less than 0.9 
(i.e., 90% of the x rays which are generated 
escape from the specimen) when Philibert's sim- 
ple expression is used is just an admission of 
the inadequacies of the implied $(pz) curves 

in that model. 

The earliest attempt to model accurately the 
shape of the $¢(oz) curve was due to Criss,?° 
who used a multiorder polynomial to describe 
the shape of the existing measured curves of 
Castaing and Descamps.? Brown and Parobek?? 
and Buchner and Pitsch® used an empirical ex- 
pression which was extended to higher electron 
energies by Brown and Robinson.?* Wittry?> 
used a Gaussian expression centered at the max- 
imum of the $(pz) distribution and Kyser?" la- 
ter introduced an asymmetric term in recogni- 
tion of the obvious asymmetry about the maxi- 
mum, Pichou and Pichoir?® have used a pair of 
parabolas to model the shape of the $(pz) curve 
in their correction model. The disadvantage 
of all these approaches is that improvements 
to accuracy can only be made on the basis of 
comparison to experimental measurements. 

Figure 2 shows a plot of in[¢(pz)] vs square 
of depth which reveals the nature of the $(pz) 
curves, a Gaussian-centered at the surface of 
the specimen. Such dependence has been ob- 
served for more than a hundred measured ¢(pz) 
curves with the only variation a consequence 
of continuum fluorescence that can be seen in 
the measured curve with a high matrix atomic 
number such as shown in Fig. 3. The deviation 
from the linear dependence at high depths is 
due to that cause. Near the surface, the 
curve falls away from the Gaussian because the 
electrons enter the specimen in a specific di- 
rection and the Gaussian dependence is not 
achieved until the electrons are traveling in 
random directions. The equation that Packwood 
and Brown'® used to describe the curves is 


$(pz) = yo [1 - q exp(-80z)}Jexp[-(aoz) 7] 


where q = [yo - $(0)]/yo. Four parameters, yo, 
a, 8, and $(0), are needed to calculate the 
o(ez) curve for any particular analysis. The 
regions of importance for each of the parame- 
ters is shown in Fig. 4. The a value estab- 
lishes the rate at which the 9(pz) decays from 
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the maximum in the curve. There is a very 
strong dependence on electron energy and absorp- 
tion edge energy but only a smal] dependence on 
atomic number. It is interesting that as the 
specimen is tilted from normal electron inci- 
dence, the value of 8 remains unchanged. The 6 
value is determined by how quickly the electrons 
that originally travel in a specific direction 
become randomized by interactions with the atoms 
of the solid. Since interactions are much larg- 
er for elements of higher atomic number, there 
is a large dependence on atomic number as well 
as on electron energy. The $(0) value is given 
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FIG. 1.--Typical (oz) curve showing general shape. 
a FIG. 2.--o9(o0z) curve plotted to show Gaussian behavior. 
FIG. 3.--o(oz) curve for Bi Lo in Au matrix showing continuum fluorescence contribution at large 


FIG. 4.--Gaussian used to model ${pz} curves showing significance of parameters. 


by the ratio of the intensity from a thin tra- 
cer layer on a substrate to the intensity of 
the same thickness of tracer layer isolated in 
space. In addition to measurements made when 
o(oz) curves are measured, a number of alter- 
nate measurements and calculations of o(€ 0) 
have been made and a number of expressions pub- 
lished.?7~*° The (0) value is important in 
that in the measurement of (oz) curves using 
the sandwich sample method, the ¢(0) value de- 
termines the magnitude of the curve and hence 
the area under the curve--obviously of great 
importance in the atomic-number effect. The Yo 
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FIG. 5.--A comparison of calculated curves with experimental data. 
B-P, Brown and Packwood*!; B. Bastin et al.??; 
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FIG. 6.--A replot of the data of Rehbach and Karduck?® for C Ka in C at 7 keV. 


value is equivalent to the $(0) value except 
that one should imagine the incident electrons 
as coming from random directions, To a first 
approximation, one would expect yo and $(Q) to 
be related by a simple factor. 


Compartson of Parameters 


The various published values for the parame- 
ters used in the ¢(oz) equation have been gen- 
erated by different criteria of optimization, 
either on the basis of a different set of ex- 
perimental data or for a specific purpose. 
Brown and Packwood*? started from parameters 
fitted to measured $(oz) curves and then modi- 
fied them to improve performance in quantita- 
tive analysis. Bastin et al.** optimized the 
parameters for low-atomic-number analyses, and 
Armstrong?*> was concerned with the analysis of 
minerals. More recently Tirira Saa et alg? oe 
have used theoretical arguments in proposing 
new values. Recent measurements of (pz) 
curves with a JEOL Superprobe have been com- 
pared to curves calculated on the basis of the 
published equations from the four papers men- 
tioned above. A typical result is shown in 
Fig. 5. It is dangerous to draw definite con- 
clusions on the basis of only a few compari- 
sons, but some comments can be made. None of 
the predicted curves fit the experimental data 
particularly well. The maximum in the Brown 
and Parobek curve occurs at too great a depth 
in the specimen, which would tend to indicate 
that too large an absorption correction will 
result. The maxima for the Bastin et al. and 
Tirira Saa et al. expressions occur at almost 
the same depth as the experimental data but the 
areas under the curves are very different. For 
an accurate absorption correction it is cer- 
tainly very important in modeling $(oz) curves 


to get the depth of maximum production correct- 
ly; and since ratios are taken for the atomic 
number effect, the performance of these equa- 
tions in quantitative analysis is quite good. 
The Armstrong parameters predict a very shallow 
x-ray generation. Since his parameters were 
generated specifically for mineral analysis, 
for which very good results have been obtained, 
does the small depth of x-ray production re- 
flect charge build up in the insulating speci- 
mens? This issue needs to be resolved. 
Recently Karduck and Rehbach’?* have suggest- 
ed the Gaussian form for the ¢(9z) curve breaks 
down for matrices of low atomic number and for 
low-energy characteristic lines based on $(pz) 
curves generated by Monte Carlo calculations. 
It appears from these curves that too few 
X Tays are generated at very great depths. 
Their curve for C Ka in carbon at 7 keV was 
blown up and then replotted as In[¢(pz)] vs the 
square of the depth. If one uses the portion 
of the curve in which 90% of the x rays are gen- 
erated, the plot of Fig. 6 results. The plot- 
ted points are taken as well as possible from 
their curve. This result suggests that a per- 
fectly acceptable Gaussian fit is possible, 
although there appear to be two straight line 
portions with different slopes. It may be that 
some parameter used in the Gaussian, for exam- 
ple the ionization cross section near the ab- 
sorption edge, leads to this effect. Further 
work needs to be done. 


Conelustons 


The description of ¢{oz) curves using a 
Gaussian equation for quantitative electron 
probe microanalysis is now well established. 
Several authors have published parameters that 
give excellent results for a wide range of ex- 
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perimental conditions and specimen types. Com- 
parison with measured curves would suggest that 
further improvements can be made. Examination 
of the parameters that are successful for min- 
eral analysis would suggest that some evidence 
exists for a decrease in depth of x-ray genera- 
tion in insulating specimens. For low-energy 
characteristic lines, some deviation from the 
Gaussian shape may occur at large depths in the 
specimen. Further work needs to be done in all 
these areas. 
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THE XPP PROCEDURE APPLIED TO QUANTITATIVE EDS X-RAY ANALYSIS IN THE SEM 


Jean-Louis Pouchou, Frangoise Pichoir, and Denis Boivin 


During the past few years, the energy disper- 
sive x-ray detectors (EDS) have undergone sig- 
nificant improvements with regard to the spec- 
tral resolution and the sensitivity to low-en- 
ergy photons. Detectors with thin atmospheric 
windows now make it possible to detect soft ra- 
diations without any danger of contaminating 
the detector crystal, and consequently with an 
efficiency that should not vary with time. 
However, we feel that during the same period, 
less attention has been paid to improve the ef- 
ficiency and the reliability of the software 
provided for quantitative EDS analysis in scan- 
ning electron microscopes (SEM). 

Considering from our previous experience 
with the electron microprobe that noticeable 
progress could also be expected in quantitative 
SEM/EDS analysis, we have spent some time to 
implement our recent ¢(oz) model called xppt 
into the KEVEX system,? and using a Quantum de- 
tector to perform the first experimental checks 
which will permit the control of the various 
elements of the software with a view to opti- 
mizing it. 

Several aspects of SEM/EDS analysis of bulk 
specimens are considered here: analysis with 
or without standards, analysis at normal or ob- 
lique beam incidence, analysis of very light 
elements (e.g., oxygen), and analysis of lay- 
ered specimens (STRATA program). 


The Baste XPP Model 


The XPP model is a $(pz) model that has been 
especially designed for SEM/EDS quantitative 
analysis, with the goal of yielding: 


(1) realistic ¢(pz) distribution in depth of 
the ionization, on the basis of a simple mathe- 
matical model able to accept the integral F of 
o(9z) as a basic parameter; 

(2) distributions with a high degree of flex- 
ibility, so that they can be strongly distorted 
to account for the effects of tilting the spec- 
imen; and 

(3) #(o0z) functions that could be easily 
used for surface-film or layered-specimen anal- 
ysis. 


. . 3 . 
These criteria led us’’* to combine exponen- 


tial and linear functions of the mass depth pz: 
o(0z) = A exp(-aoz) (1) 
+ (Boz + ¢(0) - A)jexp(-bpz) 


The authors are at the Office National d'Etudes 
et Recherches A€érospatiales (ONERA), 29 Avenue 
Division Leclerc, F-92320 Chatillon, France. 


The coefficients A, B, a, and b are deduced 
from the four parameters selected to charac- 
terize the distribution, as follows: 


Area F of >(pz). As in our previous PAP 
model,??* and in agreement with the definition 
of ¢(o9z) by Castaing,° the area F is propor- 
tional to Nj, the number of vacancies produced 
at level j of atoms A (critical energy E,) per 
incident electron (initial energy Eo): 

Ms = Ca (N/A)Q, (Eo) F with F = 


fe (pz) doz (2) 


where N = Avogadro's number, Q; (Eo) = jioniza- 

tion cross section of level j, A = atomic mass 
of elelent A, and Ca = weight fraction of ele- 
ment A. In practice, the number Nj of ioniza- 
tions is computed from the usual formula 


E 
N, = C,(N/A)R/S with 1/8 = £°Q;(B) dE/dos)dE 


ae (3) 


From Eqs. (2) and (3), it is obvious that 
the area F represents the usual atomic-number 
effect 


R/S (4) 
In the XPP model, the backscattering factor 

R is expressed as a function of the backscat- 

tering coefficient n and of the mean reduced 

energy W of the backscattered electrons 

(BSE) :°>4 


FQ Eo) = 


R= 1 - nW[1 - G(U,)] 


The efficiency factor 1-G(U)) is computed by 
asSimilating the energy distribution of BSE to 
a Simple power function. 

For the electron energy loss dE/dps, a semi- 
empirical law, more adequate in the low energy 
oa eta the usual Bethe's expression, is 
used: * » 


(5) 


dE/dos = - (M/J)[1/f(V).], with (6) 
: Pk 
ao 
J = mean ionization potential of the target. 


It has been shown previously*®’* that when an 


ionization cross section proportional to 
In(U) /UM,E 7) is used, the R/S ratio can be 
written: 
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R/S = R(U)/V,/M) 
: P T a 2 
- 5 Dy (Vp /Uy) K (T,.Ug k In U,-Uy k+1)/T, 
k=] 
where T, = 1 + PL - m. 
proportionality factors 
analysis with standards are omitted. For stan- 
dardless analysis, some of these factors can be 
no longer ignored to get the effective number 
of ionizations: 


(1) The shell factor bj (usually assumed to 
be constant for a given level) and the number 
Znl of electrons in the excited subshell have 
to be incorporated into the expression of the 
ionization cross section 


Q, (U) = bite In (U}/UTE.*) 


In this relation, all 
that are not useful in 


(8) 


(2) In the case of L and M lines, the Cos- 
ter-Kronig transitions increase the effective 
number of vacancies in the level of interest 
(L3 level for La line,Ms for Ma line) by a fac- 
tor fck. In the case of the La line, which 
can be used to analyze many elements, fy can 
be written as 


f = 1] + £13N213513 + fo3No3(1 + £12N12S12)S23 
(9) 
where f.. is the probability of vacancy transi- 


tion from subshell i to subshell j; Nij is the 
ratio of the number of electrons in the sub- 
shells (Ni2 = 1; Ni3 = No3 = 3); and S;j is the 
ratio of the 1/S factor of subshell i tO that 
of subshell j. (Sjj tends to 1 at high over- 


voltage.) 


Mean Depth of X-ray Generation. This impor- 
tant parameter has been related to F in order 


to match our previous model :+* 
pz = F/K,, where K, is a function of Z&U,) (10) 


Surface Iontzatton. The expression of ¢6(0) 
is unchanged: ° 2 


(0) = 1 + 3.3 [1 - (1/Up8)] n?°? 
where g = 2 - 2.3n. 


(11) 


Inittal Slope. This parameter is related to 
the previous ones by’? 


o'(0) = K2F/(ez)? 


where Kz is a function of Z and Uo. 


(12) 


Adaptation of the XPP Model to Tilted Specimens 


It is frequent in SEM practice to tilt the 
specimens in order to increase secondary elec- 
tron emission and consequently to improve the 
imaging capability. Advantage can also be ta- 
ken of tilting the specimen toward the EDs crys- 
tal to obtain a higher x-ray take-off angle and 
also a smaller mean depth of x-ray generation, 
so that the emerging intensity of the soft radi- 
ations (the most strongly absorbed) can rise by 
a Significant amount. 

Let @9 be the take-off angle at normal inci- 
dence and p be the azimuth defining the orien- 
tation of the detector port with respect to the 


tilt axis. When the specimen is tilted by B, 
the effective take-off § becomes 


cos 60[1 - 2 sin 8 cos 8 cos J tan Go 
(13) 


cos 0 = 
- sin’B(cos*p - tan?6))]?/? 


Obviously, the highest increase of the 
emerging intensity with tilt can be achieved 
with a horizontal detector; but interesting 
enhancements can also be obtained with an in- 
clined detector, as shown by the spectra of 
Figs. 1 and 2. The definition of ¢(9z)}) can be 
extended to the case of oblique incidence by 
considering that the elementary self-supported 
layer which is the reference in the tracer 
scheme is tilted by the same angle 8 as the 
specimen itself. Hence, the electron path 
length in that layer is increased by l1/cos 8, 
so that the area below the 4(9z) curve becomes 

= N my 
Fe N cos B/TC, (N/ANQ, (Eo) J (14) 

When $¢(0z) is defined in this way, its area 
Fg decreases when the specimen is tilted, 
since N+ and cos 8 are decreasing functions of 
n (Fig. 3); and Nj decreases like the backscat- 
tering factor R, because of the increase of 
and W with 8. From Monte Carlo results, simple 
power laws have been proposed for the variation 
of n and W with p.? 

Figure 3 shows that the ultimate depth of 
jonization does not change significantly with 
the conditions of beam incidence. On the con- 
trary, the mean depth for x-ray generation oz 
varies noticeably and has in practice the major 
effect on the absorption correction. Monte 
Carlo simulations have shown that the ratio 
028/029 varies almost linearly with (cos g) 3/2, 
Figure 4 shows that the slope s of this linear 
relationship depends strongly on the atomic 
number of the target. The variation of pz is 
hence described as follows:? 


3/2, (15) 


02. = pzo[1 - s + s(cos 8) 


where s is a function of Z and Uy. 

Although our Monte Carlo program, based on a 
multiple scattering scheme, is not adequate to 
yield very accurate information about the sur- 
face ionization $(0), it predicts a weak vari- 
ation of this parameter with tilt angle.+ Sim- 
ilarly, the initial slope ¢'(0) is not strongly 
sensitive to 8, except at very hightitilt an- 
gles where it suddenly becomes negative.* All 
the expressions needed to adapt the parameters 
of ¢{pz} to oblique incidence are given else- 
where. 


Addittonal Features of the XPP Procedure 


The XPP procedure is not constituted by the 
¢(ez) model solely, but also includes addi- 
tional routines, used either for spectra pro- 
cessing or for the quantification itself. 


Background Substraction. One of the major 
problems in EDS analysis, mainly in the soft 
x-ray region, is the modeling and subtraction 
of the background. In the Kevex system used 
in the present work, the shape of the back- 
ground is modeled theoretically, and its 
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FIG. 1.--Increase of N K intensity of SisN, tilted by 45° at 15 kV. 
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FIG. 2.--Increase of Ga L and As L intensities as GaAs is tilted by 60° at 25 kV; 


as in Fig. 1. 
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FIG. 3.--Variation of $¢{9z) with tilt predicted by Monte Carlo simulation and by XPP model. 


Al K line in NiAl at 15 kV. 


FIG. 4.--Plot of (9z)8/(pz)o against (cos g)3/2 at high overvoltage in various targets, from 


Monte Carlo simulations. 


TABLE 1.--Parameters defining a typical Quantum 
detector (the parameters followed by * are ra- 
tios to nominal data). 


Quantum detecter 
Hardened detector 
Detector thickness 
Dead layer 


Gold layer 

Ai coating thickness 
Window thickness ratio * 
Deposition factor * 
Etching factor 


amplitude is automatically adjusted to the ex- 
perimental amount of continuous radiation. Our 
first action in this fieid has been to inciude 
into the software the computation of the effi- 
ciency of the Quantum detector, by properly de- 
scribing this detector and its atmospheric win- 
dow. New parameters, given in Table 1, have 
been included in the menu. Because the charac- 
teristics of the Quantum window have not yet 
been revealed by the manufacturer, the corre- 
sponding parameters of this new menu refer to 
nominal data defined in the program. 

Many empirical expressions of the spectral 
distribution of the continuum are proposed in 
the literature. From the contradictions re- 
ported, it may be suspected that most of them 
could be valid only for the particular detector 


and the particular geometry used by every au- 
thor. In fact it is really difficult to get an 
accurate description of the generated brems- 
strahlung, in a wide energy range, for several 
reasons: 


(a) The conversion of the observed spectral 
intensity into an emerging intensity is strong- 
ly influenced by the uncertainties on the char- 
acteristics of the window, the dead layer and 
the ceating of the detector. 

(b}) The generated continuum is usually de- 
duced from the emerging intensity by the as- 
sumption that the distribution in depth of a 
radiation of the continuum is identical to that 
of a characteristic photon with the same ener- 
gy. In fact, it is easy to verify, for example 
with pure titanium at a sufficient voltage, 
that the amplitude of the absorption jump con- 
puted at the K edge with this assumption is 
significantly smaller than the measured one. 

(c) The backscattered electrons can add 
some spurious contribution to the continuum: 
in conventional detectors, they can generate 
some extra intensity of bremsstrahlung in the 
window itself; in detectors for light elements, 
some residual backscattered electrons can reach 
the detector crystal in spite of the magnetic 
trap, and produce some spurious contribution 
that can noticeably modify the shape of the 
background, mainly in the high-energy region. 


These difficulties led us to describe tempo- 
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FIG. 5.--Background modeling with rough esti- 
mate of concentrations; Quantum detector; 
Ni2Si0, at 15 kV. 


rarily the generated background as Ipc « 

(Eo - E)™ user-definable. In practice, the ap- 
propriate values of n at usual accelerating 
voltages range from 0.8 (heavy targets) to 1.2 
(light targets. 

Another problem with background modeling is 
that the target composition must be known before 
the emerging continuum can be computed. In 
principle, background modeling should be inte- 
grated into the iterative scheme of quantifi- 
cation. But this procedure would be unaccept- 
ably time consuming and is not done in practice. 
In the original Kevex software, the composition 
of the target is crudely estimated from the 
height ratios of the major lines, without any 
correction. Sometimes this approach can pro- 
duce strong alterations of the computed back- 
ground. Figure 5 shows that in the low-energy 
region of the Ni2oSi0, spectrum recorded at 15 
kV, the computed background is far from the ex- 
perimental one between the Ni L and the Si K 
absorption edges, because the crude estimate of 
the composition gives rise in that case to an 
excess of Si relative to Ni. To avoid such in- 
adequacies, we have added the /OPTIMIZE option 
to the process, which corresponds one first to 
getting very quickly (after digital filtering 
ing and matrix correction) a reasonable esti- 
mate of the concentration of the major elements; 
and then, after having recalled the gross spec- 
trum, uses this first approximation to model 
the background properly. The improvement ob- 
tained is demonstrated on Fig. 6. 

As can be noticed on Figs. 5 and 6, some 
residual problems still limit the capability 
of automatic computation of the background in 
the very low-energy region (below 600 eV), be- 
cause of extra sources of noise (electronic 
noise, leakage current, incomplete charge col- 
lection, etc.) that contribute strongly to the 
real background in this domain. At present, we 
must be content ourselves with improving the 
background in this region by "manual" adjust- 
ment. 


Deconvolutton. The original software of 
Kevex contains a Gaussian deconvolution proce- 
dure that is easy to use and has the advantage 
of being insensitive to small variations of the 
calibration of the analyzer. However, such a 


NipSiOy 


BACKGROUND“AUTO“OPTIMIZE 


10.223 keV 


¢ 8, Range= 


FIG, 6.--Background modeling with optimized es- 
timate of concentrations; Quantum detector; 
Ni2Si0, at 15 kV. 


procedure must be applied as properly as pos- 
sible. Therefore, we have improved the compu- 
tation of the synthetic Gaussians by taking 
into account, on the one hand, the variation of 
the line width with energy; and on the other 
hand, the influence of the overvoltage on the 
excitation efficiency of the various lines in 

a series. After this first improvement, it be- 
came evident that some revision had to be made 
in the original data® giving the relative 
weights of the L lines. For the future, we 
think that the incorporation of a /OPTIMIZE 
option that permits the differences in the ab- 
sorption of the various lines to be taken into 
account would be effective. 


Mass Absorptton Coefftcitents. The XPP model 
uses tabulated absorption coefficients for 
quantification. The values of the tables can 
be modified by the user if necessary. Origi- 
nally, the table is filled with the coeffi- 
cients computed with the most recent model of 
Heinrich,’ except for very light emitters 
(Z < 10) and in particular cases (in the vicin- 
ity of an edge) for which more adequate values 
are proposed,*»°»° 


First Assessment 


Analyses with Standards. It has already 
been shown,+*? on the basis of a large file 
built up with microprobe measurements at a nor- 
mal incidence, that the XPP model was one of 
the most reliable models for matrix correc- 
tions, even in the case of very-light-element 
analysis. Microprobe measurements on tilted 
specimens, with respect to untilted standards, 
have also shown’ that no significant loss of 
accuracy was occuring in the range -30° to +50° 
tilt. 

Therefore, we have not spent too much time 
checking the analyses with standards in the 
SEM, since the accuracy of the results is most 
often governed by the stability of the micro- 
scope. In the present work, a Cambridge S100 
microscope was used, providing a 30° take-off 
angle at normal incidence. Although this SEM 
is not equipped with a beam-current stabilizer, 
careful measurements make it possible to get 
satisfactory results up to 60° tilt, even in 
the unfavorable case where the standards are 
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TABLE 2.--Analyses of CozTi (nominal 21.1 wt%) at 15 kV from 0° to 60° tilt. Untilted pure 
standards. Quantum detector; @ = 30°; » = 30°. 


21.31 | 24.5 
78.91 | 79.98 


' 400.22 


TABLE 3.--Ratio of experimental to nominal concentration obtained by standardiless analyses of 
binary compounds; 0° to 60° tilt; Quantum detector. 


TABLE 4.--Ratio of experimental to nominal concentration obtained by standardless analyses of 
binary compounds; 0° to 60° tilt; Quantum detector. 


| ¢.005 
0.005 
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not tilted, as shown in the example of Table 2. 


Analyses Without Standards. It is clear 
that most SEM/EDS users are mainly interested 
in standardless analysis, because of its speed 
and its nonsensitivity to the fluctuations of 
the beam current. It would be a very powerful 
tool indeed that could perform standardless 
analyses in routine work with an accuracy of a 
few percent for the major elements. To reach 
such a level of performance, it is clear that 
the window as well as the layers at the surface 
of the detector have to be described precisely, 
to get accurate values of the detection effi- 
ciency. In the case of our Quantum detector 
all the parameters have been set equal to the 
nominal values (Table 1), except the so-called 
etching factor, which has been set to 1.13 in 
order to give satisfactory results for the 
analysis of NiAl at 25 kV, used as a reference. 


Analyses involving K lines only. Several 
conductive binary compounds with known composi- 
tions have been analyzed by the K lines between 
0° and 60° tilt. It can be seen from Table 3 
that the results are globally fairly good, with 
maximum errors of the order of 2%. 

The capability of standardless analysis ap- 
plied to a very light element (oxygen) has also 
been evaluated. To perform this test, we have 
restricted ourselves to the conductive oxides 
NiO and Cu,0 for the following reasons. 


(a} Coated insulators could not be analyzed 
directly by a standardless procedures without 
the effect of the coating on the emitted inten- 
sities being taken into account. 

(b) The accumulation of charge in nonconduc- 
tive specimens (even surface coated) might pro- 
duce noticeable deviations from the laws of 
quantification valid for conductive materials. 

(c) Since we were constrained to perform a 
'manual'' quadratic modeling of the background 
in the vicinity of the O K line, it was neces- 
sary to avoid specimens in which overlapping 
with the oxygen line could occur. 


The results of Table 3 indicate that, in 
cases where the background can be reasonably 
evaluated, standardless analyses of oxygen 
gives quite meaningful information. 


Analyses tnvolving L lines. As mentioned 
before, a correct approach for L lines implies 
computation of the effect of the Coster-Kronig 
transitions and its application to the ratio 
La,2/rL3, where £L, = sum of the intensities of 
the lines corresponding to the La level. This 
feature has been added to the Kevex software, 
on the basis of the coefficients calculated 
by Lébar.?° 

When K and L lines are used simultaneously, 
the results of standardless analyses depend on 
the shell factors used in Eq. (8). For the K 
shell, we have set by equal to 1.4 x 1077°m 
exp (1), in order to scale the maximum of OnEK? 
at 2.8 x 10°°" cm? keV*. Since the situation 
is more muddled for L lines, 
set bz, equal to 1.42 x 10°*°m exp(1). With 
these coefficients, the resulting program gives 


we have temporarily 


globally better results than the original one, 
but in particular cases, some discrepancies up 
to 20% can be found. Hence, we began quite re- 
cently to look for the factors that should be 
applied to the number N, of direct ionizations 
produced by electron impact in order to get 

the correct compositions for a number of known 
compounds. The first factors obtained are 
plotted in Fig. 7 vs the atomic number, and can 
be compared to the graphs of te Coster- Kronig 
effect fo,, as given by Laébdr!® or as computed 
from the tables.** Clearly, the apparent scat- 
tering of the experimental points is strongly 
correlated with the discontinuities of the 
theoretical curves, but the measured effect 

has a greater amplitude than the calculated 
one. The difficult question will be whether 
this means that the theoretical jumps are un- 
derestimated or that the shell factor by, 
changes from one element to another. 

Using the adjusted coefficient of Fig. 7, 
the stability of the analytical results has 
been checked for tilt angles varying from 0° to 
60°. Table 4 shows that the deviations are 
only a few percent. 


Analyses of Layered Specimens. A new pro- 
gram named STRATA has been written for the 
Kevex software. This user-friendly program, 
based on the $(o0z) functions of the XPP model, 
makes it possible to analyze layered specimens 
(up to 5 layers on top of a substrate). It 
enables the simultaneous determination of the 
composition and the mass thickness of the lay- 
ers by a method that depends on the nature and 
the complexity of the problem, as follows. 


(a) If the number of strata is known, as 
well as the localization of the elements in 
each of them, and if no element is in unknown 
concentration in more than one stratum, the 
compositions and the mass thicknesses are ob- 
tained very quickly by application of an auto- 
matic iterative procedure to the experimental 
K-ratios, the progress of which can be checked 
graphically. 

(b) If the specimen structure is more com- 
plex or undefined, the program switches to a 
procedure by trial and error, in which calcu- 
lated curves of K-ratio vs the accelerating 
voltage have to be adjusted to the experiments. 


In addition, STRATA also permits the display 
of the $¢(pz) curves of the XXP model. 

At present, the effects of fluorescence by 
the characteristic and the continuous radia- 
tions* occurring in the layered structure are 
neglected, The implementation of the appropri- 
ate routines is planned for the near future. 


Conelustons 


The XXP procedure implemented with the Kevex 
system has been shown to be effective in the 
improvement and the extension of the quantita- 
tive capability of SEM/EDS x-ray analysis. The 
first results presented here demonstrate that 
quantitative analysis can be performed on tilt- 
ed specimens without significant loss of accu- 
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racy whatever the analytical mode (with or with- 
out standards). In the favorable cases in which 
the background can be subtracted without notice- 
able error, even the standardless analysis of 
oxygen in particular oxides has been found to be 
meaningful. When L lines are used for standard- 
less analysis, one has to take into account the 
effect of the Coster-Kronig transitions, but 
other phenomena could also influence the vari- 
ation with Z of the intensity of the L lines; 
further experiments are required in this domain. 

For the future, a sharper optimization of the 
XPP parameters is planned, to be realized by a 
careful examination of the present results asso- 
ciated with the conclusions that will be drawn 
from the application of the new STRATA program 
to synthetic layered specimens. 
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MONTE CARLO ELECTRON TRAJECTORY SIMULATION OF X-RAY EMISSION FROM 
FILMS SUPPORTED ON SUBSTRATES 


D. E. Newbury, R. L. Myklebust, and E. B. Steel 


Monte Carlo electron trajectory simulation pro- 
vides a powerful tool for theoretical studies 
of electron and x-ray interactions in solid 
targets. A broad range of conditions encoun- 
tered in electron probe microanalysis and 
scanning electron microscopy can be studied.+*’ 
The great power of the Monte Carlo technique 
arises from the stepwise treatment used to con- 
struct each electron trajectory in the target; 
this approach provides a continuous record of 
electron position, velocity, and kinetic energy. 
Such a treatment is capable of dealing with the 
unusual geometric boundary conditions imposed 
by irregular specimens that differ from an ideal 
flat, semi-infinite slab specimen, for which 
analytic expressions of x-ray generation and 
propagation can be written to form the basis of 
quantitative x-ray microanalysis. X-ray emis- 
sion from special specimens of interest, such 
as randomly tilted surfaces, particles, thin 
foils, and films supported on substrates, can 
be simulated by a Monte Carlo procedure to pro- 
vide appropriate corrections for quantitative 
analysis. 

It is proper to speak of "a"! rather than 
"the" Monte Carlo procedure because no single 
formulation of the simulation is in universal 
use. Several possible choices exist for the 
treatment of the electron scattering and energy 
loss processes. A general convention in con- 
structing a Monte Carlo code for bulk specimens 
is to assign all the angular deviation of the 
trajectory to elastic scattering and to ignore 
any angular deviation contribution from inelas- 
tic scattering. The basic repetitive step of 
the calculation therefore depends on the elas- 
tic mean free path. For treating elastic scat- 
tering, the main choices are the screened Ruth- 
erford cross section and the Mott cross section. 
Because a convenient analytic formula exists 
for the screened Rutherford cross section, it is 
mathematically simple to implement in a Monte 
Carlo simulation; the cross section can be cal- 
culated for any electron energy and scattering 
atom of interest. However, the cross section 
suffers from inaccuracies at low scattering 
angles, low energies, and high atomic numbers. ° 
The exact Mott cross section provides the needed 
accuracy for these parameters, but no analytic 
function exists for ease in implementing the 
Mott cross section in the Monte Carlo simula- 
tion. Rather, the cross section must be tabu- 
lated over a range of scattering angles, atomic 
numbers, and electron energies, and interpola- 
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tion is then used to supply other values as 
needed in the simulation.’ 

Approaches to simulating inelastic scatter- 
ing also vary. Most simulations consider in- 
elastic scattering by means of a continuous 
energy loss approximation rather than by model- 
ing the discrete inelastic processes. The 
Bethe expression is applied at high electron 
energies (> 3 keV), but several different 
choices are now proposed for the treatment of 
energy loss in the low energy range (< 3 keV) 
where the Bethe model actually gives incorrect 
values.°~® Some simulations use a combination 
of the continuous energy loss approximation 
supplemented by a discrete treatment of fast 
secondary electron generation,?»+° Such an 
approach is important in the treatment of thin 
foils and films because fast secondary elec- 
trons are generated with scattering angles 
nearly at right angles to the propagation of 
the primary beam. For situations where the 
primary electrons undergo little elastic scat- 
tering, as in passing through a thin foil, 
fast secondaries thus deposit energy laterally 
in planar targets, which can affect the dis- 
tribution of ionization and subsequent x-ray 
production.?° 

Finally, the calculation of secondary radia- 
tion products such as characteristic x rays is 
also subject to a variety of choices for the 
cross sections.+* The choice of a proper 
cross section for inner shell ionization for 
determination of characteristic x-ray genera- 
tion is particularly difficult. Most experi- 
mental and theoretical discussions of inner 
shell ionization do not consider the region of 
low overvoltage near the threshold for excita- 
tion, U = 1 (U = E/E,, where E is the beam en- 
ergy and E, is the critical excitation energy). 
However, in electron probe x-ray microanalysis 
of bulk samples, it is just in this region 
that we must operate. 

In this work, the NIST Microanalysis Monte 
Carlo Simulation was employed. +? This Monte 
Carlo formulation makes use of the screened 
Rutherford cross section for elastic scattering 
with the Kyser-Murata correction to the elastic 
path length; for energy loss, the Bethe expres- 
sion is used down to energies of approximately 
3 keV, and the Rao-Sahib/Wittry expression jis 
used below 3 keV to the low energy cutoff of 1 
keV. For a multielement target, mass concen- 
tration weighting is used for the elastic scat- 
tering and energy loss expressions. As an op- 
tion, fast secondary electrons can be included 
in the simulation. 
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TABLE 1.--Standard reference material K2063: 
microanalysis thin film Mg-Si-Ca-Fe. 


Certified concentration 
% by weight 


Uncertainty 
% by weight 


Element 


Mg 8.04 40,24 
Si 25.89 HO 27 
Ca 12.89 40.67 
Fe 12.43 #082 
Ar (0.8) 

(41.95) 


Thickness = 101 nm (+ 5nm at 95% confidence 
level) 

Density = 3.0 g/cm? (+ 0.3 g/cm? at 95% confi- 
dence level) 

Values in parentheses are not certified; oxygen 
is calculated from assumed stoichiometry 


Testing a Monte Carlo Stimulation 


When a Monte Carlo simulation is formulated, 
it must be evaluated critically against experi- 
mental data to establish the level of achiev- 
able accuracy. A common choice for an initial 
test is the behavior of the electron backscat- 
tering coefficient as a function of atomic nunm- 
ber. Often the limitations in the scattering 
and energy loss models lead to inaccuracies in 
calculated backscatter coefficients. Empirical 
adjustments to the scattering model, for exam- 
ple to the elastic mean free path, can compen- 
sate and give good accuracy.*”* Once this em- 
pirical adjustment has been applied, the simu- 
lation should be tested against other experi- 
mental data with no further empirical adjust- 
ments applied. Suitable test data include 
electron backscattering from tilted bulk tar- 
gets, backscattering and transmission of elec- 
trons through unsupported thin films, backscat- 
tering and x-ray production in thin films sup- 
ported on bulk substrates, and x-ray depth dis- 
tribution functions from bulk targets. 

Unfortunately, most of these experimental 
data have been measured exclusively on pure- 
element targets, including bulk and thin-film 
forms. Although highly useful, such data pro- 
vide only a first level of testing and do not 
address the issue of how to model a mixed ele- 
ment target accurately. In formulating a Monte 
Carlo simulation for mixed-element targets, 
several possibilities exist for calculating the 
relative contributions of the constituents to 
the various scattering processes. The weight- 
ing of the cross sections is typically done on 
the basis of mass (weight) concentrations rath- 
er than atomic concentrations because of the 
dimensionability of the cross-section formula- 
tion, but it is not so obvious that this ap- 
proach is appropriate for inelastic stopping 
power.'* An alternative weighting could be 
calculated on the basis of a mean atomic num- 
ber, atomic weight, and density for the mixed 
targets. 

To test Monte Carlo simulations for mixed 
element targets, only a limited database of bi- 
nary thin film data exists, primarily due to 
the work of Kyser and Murata.’* The need for 


TABLE 2.--Standard reference material 470 
(glass K411): mineral glasses for microanal- 
ysis. 


Element 


Certified concentration | Uncertainty 
% by weight % by weight 


8.85 +012 


more rigorous testing and possible modifica- 
tion of Monte Carlo simulations for the analy- 
sis of supported thin films was recently sug- 
gested by Lifshin et al., who reported 4noma- 
lous deviations between Monte Carlo calcula- 
tions and experimentally measured intensity k- 
ratios (the ratio of x-ray intensity from the 
film/x-ray intensity from a bulk standard).?° 
Their measurements of supported films of Y-Ba- 
Cu-O high T,. superconductors provide a new 
database of multicomponent films suitable for 
testing Monte Carlo simulations. Unfortunate- 
ly, crystallographic effects on the growth of 
these films make thickness measurements diffi- 
cult, and the density can only be estimated. 


Development of a New Multtelement Ftlm Data- 
base 


Further extension of this database for sup- 
ported muitielement films is an objective of 
this work. An interesting series of supported 
multielement films has become available as a 
result of the development of NIST Standard 
Reference Material (SRM) 2063 and related ma- 
terials.'®»1” SRM 2063, described in Table 1, 
is a five component film (containing O, Mg, 
Si, Ca, and Fe) produced by ion sputtering of 
glass targets to deposit layers of uniform 
composition and thickness. SRM 2063 is in- 
tended to be used in transmission, so that it 
is deposited on a thin (20nm) carbon fiim car- 
ried on a transmission electron microscope 
grid. For an accurate measurement of the 
thickness by stylus profilometry, the glass 
film is simultaneously deposited on polished 
Silicon wafers. The mass per unit area is de- 
termined gravimetrically from film simultane- 
ously deposited on polycarbonate filters. 
Combining these values provides a measurement 
of the density of the deposited film; o = 3.0 
g/cm*, with an uncertainty of 10%. In subse- 
quent deposition runs, glass films will be de- 
posited on other substrates (e.g., carbon and 
gold) with different atomic numbers to provide 
a wide range of backscattering conditions. 


Results 


X-ray measurements of the supported films 
were made by wavelength-dispersive x-ray spec- 
trometry in the electron probe microanalyzer. 
Measurements of k-values (element intensity in 
the film/intensity from a standard) were made 
under a variety of beam energies. The beam 
energies were determined by measurement of the 
Duane-Hunt limit with a calibrated energy- 
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TABLE 3.--X-ray k-values measured from SRM 2063 
(101 nm) on Si (relative to SRM 470, glass 
K-411). 
Element (keV) 


10,42 


0.148 | 0.0871 
(0.8%}| (1.0%)| (1.0%) 
1.08 0.192 | 0.0833 

eens 

0.277 | 0.0950 


= (1.5%)| (1.5%) 


rsd = relative standard deviation for 10 
measurements at different locations on the 
specimen, 


dispersive x-ray spectrum and application of 
the fitting method of Myklebust et al.1° Stan- 
dard Reference Material 470 (Glass K411), the 
composition of which is listed in Table 2, was 
used as the standard. The background was mea- 
sured at the spectrometer peak position by use 
of a silicon wafer identical to the substrate 
beneath the film. Ten locations were measured 
on both the film and the bulk standards for 
each beam condition. The results for four dif- 
ferent beam energies are listed in Table 3. 

The relative standard deviation of the 10 mea- 
surements was 2% relative or less in all cases. 
Silicon in the film was not measured because of 
the obvious interference from the substrate. 
Because of its thin nature and the conducting 
substrate, the film did not charge during elec- 
tron bombardment and was therefore examined 
without coating. By necessity, the bulk glass 
K411 standard was coated with a thin (nominal 
20 nm) carbon film. 

A comparison of the experimental results 
with calculations performed with the NIST Mi- 
croanalysis Monte Carlo Simulation to a preci- 
sion of 0.6% (25 000 trajectories) is shown in 
Fig. 1. Reasonable agreement, within 5% rela- 
tive at higher beam energies, but a systematic 
deviation of approximately 15% above the experi- 
mental results is observed at the lowest beam 
energies (lowest x-ray overvoltages) for all 
three characteristic x-ray lines measured, Mg Ka 
(1.25 keV) and Ca Ka (3.69 keV) at E = 5 keV, 
and Fe Ka (6.40 keV) at E = 10 keV. 


Discusston 


The deviation between the Monte Carlo calcu- 
lations and the experimental measurements at 
low beam energy and low overvolitage can arise 
from several possible sources. The limitations 
of the elastic scattering model and the energy 
loss model] formulation as well as the cross sec- 
tion for inner shell ionization utilized in the 
Monte Carlo have been mentioned previously. 
These limitations are expected to manifest them- 
selves most strongly at either low beam energy 
or low overvoltage. In the experimental mea- 
surements, the need to coat the standard for 
conductivity could potentially lead to differ- 
ences with the calculations. Coating the target 
will lead to some loss in generated intensity 
due to the loss in energy by the beam electrons 
while penetrating the coating; the magnitude of 


0.6 
X Mg k-value (expt) 
® 0.5 
3  Mg-k (Monte Carlo) 
© 
> 0.4 
x 
S03 
= 
0.2 
0.4 
0 
5 10 15 = 
Energy (keV) 
1.2 
, a\\ X Ca k-value (expt) 
@ \  Ca-k (Monte Carlo) 
rr 0.8 
= 
w 
0.6 
& 
© 
0.4 
0.2 
0 
P 10 15 20 
Energy (keV) 
0.4 
0 35 X Fe k-value (expt) 


0.3 q Bi Fe-k (Monte Carlo) 


Fe k-value 
oOo 
RO 


0.15 
0.1 
0.05 
0 
10 12 14 16 18 20 
Energy (keV) 
FIG. 1.--Measured and calculated k-values vs 


beam energy for SRM 2063, 10inm-thick glass 
film on Si substrate; standard is SRM 470 
(glass K 411). (a) Magnesium, (b) calciun, 
(&) EBON < 


this effect is greatest at low overvoltage. 
Loss due to x-ray absorption is also possible, 
but should not be significant for the x-ray en- 
ergies measured and the thickness of the coat- 
ing. Moreover, both of these losses in the in- 
tensity measured from the standard have the ef- 
fect of raising the experimentally measured 
k-value, since the standard intensity appears 
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in the denominator of the ratio, which would 
tend to bring the experimental values closer to 
the Monte Carlo calculations. To resolve the 
differences further work, including a more ex- 
tensive experimental database, will be needed. 
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MEASUREMENT OF THE FLUORESCENCE OF Si K X RAYS by Au M X RAYS 


J. A. Small, S. A. Wight, R. L. Myklebust, and D. E. Newbury 


List of Symbols? 


the sample and the characteristic line for ele- 
ment b is slightly higher in energy than the 


: Peel gan lag rant te energy for the excited 
: : . ; ine 0 uoresced a. 

I" fa ee a intensity excited by b A formulation of the fluorescence correc- 

oe Sear ecg ey Kaeser aie tion that is commonly used in data reduction 
primary electron beam 

Ci weight fraction of element 7 in the 167 
sample Tia _ Cy, ‘3 A, U,-1 L(ab) Toa” | 

Aj elemental atomic weight for element hn ae aes 10) -] By 
; i ; w(*b) Tae 

Uj overvoltage for element 7 

u(ab) mass absorption coefficient for ele- 
ment a@ x rays in element 

ey Saal mass absorption coefficient for ele- face) Bory) (1) 
ment b x rays in the sample u Vv 

Toga absorption jump ratio per edge q for 
element a : : 3 

wp fluorescence yield for b radiation Several parameters in this equation are accu- 

Pij Read: flubracecnce: castes rately known only for the K x-ray lines, with 

inl isa) fu) downward #£luorescenee: teri limited or no information available for the M 

In(1+v)/v upward fluorescence term x-ray lines. Most of the existing analytical 

I" esi) measured fluoresced Si intensity procedures assume that the fluorescence of 
corrected for continuum excitation analy rice! dines induced by Mx ‘rays-is. insig- 
and geometry nificant and therefore do not include it in 

I'¢(meas) experimentally measured Si intensity their quantitative calculations. The few ana- 

Icon continuum fluorescence intensity lytical procedures that do include M line 

Ichar characteristic fluorescence intensi- a TUS Tes c ence maKe ero eeverat untested ons 
ty sumptions mn determining the magnitude of the 

G geometry correction COEE SS Ot : 

Nei fluoresced Si intensity In 1988 Marinenko et al, reported on the 

Q detector solid angle analysis of Pb silicate glasses, which were 

; term dependent on the fluorescence analyzed by electron probe using a variety of 
yield and jump ratio which is con- standards. A summary of the results which, 
stant for a given element do not include a characteristic fluorescence 

in mass absorption coefficient for a correction for the excitation of Si by the Pb 
given wavelength x ray in Si M lines, are reported in Table 1. In general, 

jas mass absorption coefficient of Si in when light element standards such as the SRM 
Ci mineral glass K-411 or SiO, are used, the Si 

Noa’ the intensity of the fluorescing ra- analyses are higher than the certified value 
diation at wavelength i by about 7-8% relative. However, when the Pb 

4 the entrance angle for the fluores- silicate glass K-227 is used as the Si stan- 
cing radiation (assumed to be 90°) dard, the relative error is greatly reduced. 

W the emergence angle for the fluo- TABLE 1.--Analysis of silicon in lead silicate 
resced radiation glasses. 

r x-ray wavelength 

The characteristic fluorescence correction Certified 

is used in electron probe microanalysis to ac- 

count for the additional x-ray intensity, be- Wt. % K-227 Si02 K-411 

yond that produced by direct electron excita- 

tion, generated in an element by the character- Glass K-456 13.30 13°31 14.41 14.19 

istic x rays of another element. This correc- 

tion can be significant particularly when the Glass K-493 13.00 12,92 14.26 13.90 

fluorescing element b is a major component cf 

iyo Yee Glass K-523 12.81 12 97 14.46 13.96 


The authors are at the Microanalysis Re- 
search Group, Center for Analytical Chemistry, 
National Institute of Standards and Technology, P ‘ : 
Gaithersburg, MD 20899. ossible sources for the anomalous Si values 
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are inaccuracies in the atomic number, absorp- 
tion, or fluorescence factors used in the cor- 
rection procedures for quantitative electron 
probe analysis. In this experiment, we address 
the possible influence of the fluorescence fac- 
tor; i.e., an increase in the Si intensity as a 
result excitation by the Pb M lines. The elec- 
tron optical bench at NIST* was used to deter- 
mine experimentally the Si x-ray intensity 
emitted from a Si target as a result of excita- 
tion by Au M radiation. The x-ray-excited Si 
intensity was divided by the electron-excited 
Si intensity to obtain the value for I'e si)/ 
I',(si), which was then compared to the value 
calculated with Eq. (1). Au was selected as 
the fluorescing element rather than Pb since it 
is easy to prepare as a foil with the thickness 
needed for the experiment. In addition, the Au 
M lines are closer than the Pb M lines to the 
critical excitation energy E, for Si and yield 
a larger, more easily measured fluorescence ef- 
fect. 


Experimental 


The fluorescence correction for electron 
probe analysis assumes a homogeneous mixture of 
atoms from both the fluoresced and the fluoresc- 
ing elements. However, in a homogeneous mix- 
ture it is not possible to separate the x-ray 
intensity generated by electrons from that gen- 
erated by secondary x-ray fluorescence. In or- 
der to make independent measurements of the 
electron and x-ray contributions to the Si in- 
tensity, we have physically separated the M 
x-ray source and fluoresced target (Fig. 1). 

In this configuration, the Au foil can be posi- 
tioned in the electron-beam path for the mea- 
surement of the electron-generated Si spectrum. 
In addition, the x-ray detector can be moved 
relative to the electron beam and sample. The 
detector was placed at a take-off angle of 45° 
to measure the emission from the Si target. 

To eliminate the need for an accurate determina- 
tion of the Au foil thickness, the detector was 
used in the transmission position, with the sam 
ple removed, to measure directly the spectrum 
emitted from the Au foil. 

A detailed drawing of the Au foil assembly 
is shown in Fig. 2. The electron-opaque Au 
foil was made by vacuum evaporation of approx- 
imately 1 um of Au onto a 2.5yum-thick mylar 
film. The Au foil was positioned, with the Au 
facing the electron beam, over a 0.5cm-diameter 
hole in a 10 x 15cm sheet of 2mm-thick carbon 
foil. A Mo aperture, C coated on the side fac- 
ing the Au foil and an additional C collimator 
with a 2mm-diameter opening were placed on the 
side of the film facing the electron beam to 
minimize the possibility of electron excitation 
of the Si target by backscattered electrons. 
The beam current was independently monitored at 
poth the Si target and the Au-foil assembly to 
insure that the excitation of the Si by scat- 
tered electrons was negligible. With the Au- 
foil placed in the path of the electron beam, 
we measured a residual current at the Si target 
of less than 3 x 10°77 A compared to a beam 
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FIG. 1.--Experimental set-up for fluorescence 
measurements. 
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FIG. 2.--Detailed drawing of Au foil assembly. 


current of 50 nA at the Au foil. The maximum 
Si intensity produced as a result of this 
residual current, assuming that all the elec- 
trons were energetic enough to excite Si, is 
less than 2% of the measured fluoresced Si in- 
tensity and was therefore ignored. 

The accelerating potential of the electron 
beam was 8 keV, so that only the Au M lines 
and the associated continuum were available 
for Si excitation. The detector was a 10 mm? 
Si(Li) detector equipped with an 8ym-thick Be 
window. The beam currents were 50 nA, mea- 
sured on the Au foil, for the fluorescence mea- 
surements; 10 nA, measured on the Au foil, for 
the transmitted Au measurements; and 25 nA, 
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FIG. 3.--Au foil continuum spectrum. 


measured on the Si, for the electron-generated 
Si spectrum. Prior to data reduction all 
spectra were normalized to a target current of 
50 nA and an analysis time of 2000 live-time 
seconds, 


Data Reduction 


To compare the experimental measure- 
ments with the fluorescence values calculated 
from the literature it was necessary to correct 
the experimental data for continuum fluores- 
cence, and geometry as described in Ec. (2). 


(2) 


, ) I 
Tesiy =] Lecmeasy - Ltcmeas) (1 on xG 
cnar 


Continuum Exettatton. In addition to the 
fluorescence of Si K by the Au Mx rays, Si K 
x rays can also be excited by the continuum 
x rays generated in the Au film. To estimate 
the Si intensity generated by the Au continuum 
we used the measured spectrum from the Au foil. 
The Au M peaks were stripped from the spectrum 
with a sequential simplex procedure.” The x-ray 
intensities as a function of x-ray wavelength 
given in the residual spectrum (Fig. 3: were 
then used to obtain a calculated value for Icgon 
from Eq. (3).° Similarly, the intensities and 
wavelengths of the stripped M lines were used 
to calculate Ighar- The calculated value for 
Icon/Ichar was 0.011 for the Si-Au system. 


Hy Nog, da 


es Te «He 
sin @ sin y 


Geometry Correcttons. Since tre fluorescing 
and fluoresced targets were separated for this 


Ngi= 


(3) 


sin oF 


<] 


exseriment, it was necessary to make two dif- 
ferent geometry corrections. In the case of a 
true homogeneous Au-Si target, the Au x rays 


; generated in 2m steradians are available for 


secondary fluorescence, which is not the case 
in this experiment with physically separated 
targets. For this experiment only the Au M 
X rays contained in the area defined by the 
solid angle of the Si target (Fig. 4) are 
available to excite measurable Si x rays. 
first correction scales the measured x-ray 
fluoresced Si intensity for the I/r? loss of 

Au x rays, where r is the distance from the Au 
foil to the center of the Si target For this 
calculation we assumed that the Au M x rays 

are emitted as a point source from the Au foil 
and that this point source is equidistant from 
all points on the Si target. 

The separation of the Au and Si targets re- 
sults in the entire Si target surface being ex- 
posed to Au M x rays, whereas the direct elec- 
tron-excited Si arises from a point source. A 
second correction accounts for the fact that 
only a portion of the Si target surface that 
is excited by Au M radiation is viewed by the 
detector chip. Figure 5 is a schematic repre- 
sentation of the area of the sample and collec- 
tion efficiency as viewed by the detector for 
a sample with a TOA of 45°. The inner shaded 
oval representing the sample area falls within 
the solid angle of the detector chip. The 
outer oval represents the area in which only a 
portion of the detector chip area is available 
for x-ray collection due to shielding by the 
detector collimator. In the outer oval, the 
available detector area decreases nonlinearly 
from 100% at the border with the inner oval to 
0% at the border of the outer oval. The super- 
imposed shaded circle represents the actual 
sample area. To estimate the loss in the Si 
x-ray intensity as a result of the partial 
shielding of the detector, we modeled the 
change in the Si x-ray intensity by a para- 
bolic function. The intensity loss was then 
determined from the numerical integration of 
the parabolic function, using the sample 
dimensions as the limits of integration. 
Combining the two geometry corrections results 
in a value of 89.3 for the G factor in BGs 234 


The 


Results 


In making the comparison of experimental re- 
sults with those calculated from Eq. (1) we 
have made the following assumptions: 


1. The Si intensity resulting from fluores- 
cence by the Au radiation generated below the 
specimen surface and radiating upward, de- 
scribed by the in(1 = v)/v term in Eq. (1), 
negligible. 

2. The Au x-ray intensity from the foil, 
corrected for solid angle, is equivalent to the 
intensity generated in the electron probe by 
Au target containing a trace of Si. 

3. The peeerene determined value for 
Tesi) \/Tt (Si) is equivalent to the maximum 
value for i. F(Si)/I"p (Si) calculated from 
Eq«: (1). 
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FIG. 4.--Solid angle of Si target used in geom- 
etry correction. 
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FIG. 6.--Measured x-ray excited Si spectrum, 
corrected x-ray excited Si spectrum, and 
electron-excited Si spectrum. 


The measured x-ray fluoresced spectrum from 
the Si target is shown in Fig. 6 along with the 
corrected fluorescence Si spectrum and the 
electron-excited Si spectrum. In addition, 
Table 2 lists the relative intensity of T'¢¢si) 
and I',si), along with the experimental values 
of T'e(siy/t p(Si) and the values calculated 
from Ea. (1). 

Our preliminary experimental results suggest 
that there is a significant difference between 
the experimental measurements and the calcu- 
lated values from Eq. (1). Despite this large 
discrepancy, our experimental measurements 
suggest that M-line fluorescence accounts for 
only about 0.13 wt% of the roughly 1.3 wt% 


10 00 


sample area 


FIG, 5.--Sample area and collection efficiency 
for Si detector. 


TABLE 2.--Secondary fluorescence results for 
the Si-Au system. 


t T 

te csi) p(si) ‘te¢siy/! pcsi) 
Experimental* 6.05x10* 8.03x10° 0.0097 
Eq. (1) -- as 0.0064 


*Experimental counts corrected for current, 
time, and solid angle, 


excess Si. It is therefore unlikely that sec-~- 
ondary fluorescence is the source of the dis- 
crepancies observed in the glass analyses re- 
ported in Table 1. 

Future work in this area will include addi- 
tional measurements on the Si-Au and other M- 
line fluorescence systems. In addition, mea- 
surements will be made on the Fe-Ni system, for 
which the fluorescence has been extensively 
studied and is well known. The experimental 
measurements on the Ni-Fe system will be com- 
pared with the literature values and used to 
verify the various assumptions, calculations, 
and corrections applied to experimental data. 
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CONTRIBUTION OF X-RAY TOTAL REFLECTION TO THE BACKGROUND IN THE 
WAVELENGTH-DISPERSIVE ANALYSIS AT SMALL DEFLECTION ANGLES 


W. P. Rehbach and Peter Karduck 


In the wavelength dispersive analysis of soft 

x rays anomalies in the background are found 
for several target elements. In the literature 
extremely high backgrounds in the wavelength 
range of the O Ka line are reported for C, Al, 
Si, Mo, and Zr.’ This feature results in prob- 
lems in analyzing oxygen and nitrogen, as the 
anomaly depends strongly on the target material. 
We also found the same effect for boron (Fig. 
1). For small deflection angles 68, the back- 
ground measured by a LdSte crystal from boron 
is significantly higher than the ones from 
boron nitride and from carbon, although the 
latter are of higher atomic number. In this 
paper the origin of the anomalies is investi- 
gated. It is found that totally reflected soft 
xX rays cause this effect. 


The Continuous Background 


The background is that part of the signal 
which is not due to line emission.? It is 
caused by continuous radiation (bremsstrahlung, 
i.e., deceleration radiation). This radiation 
is produced when an electron passes through the 
Coulomb field of the nucleus of an atom, The 
electron is deflected and decelerated, and 
therefore loses energy. This energy is emitted 
as an x-ray photon. The energy of the emitted 
photons varies continuously from zero to the 
energy of the exciting electron. 

Kramers* derived a theoretical equation for 
the intensity of the generated continuous radi- 
ation as a function of the observed frequency. 


I(v) dv = h?kZ (y - vo) dv 


As the measured quantity in electron probe mi- 
croanalysis is not the intensity but the number 
of photons with the frequency v, the equation 
must be divided by the electron energy E = hv: 
Vi= Vo 
N(v) dv = hkZ Sages 


Rewritten in units of wavelength this equation 
results in: 


N(X) da = hekZ (S- a) da 
2 
with a maximum at A = 2d. 

In further investigations Rao-Sahib and Wit- 
try’ found a dependency with Z1, where n varies 
between 1.12 and 1.38, depending on Z, A, and 
do. %In all cases N(A) should increase with the 
atomic number Z. The anomalous backgrounds we 

The authors are with the Gemeinschaftslabor 
flr Elektronenmikroskopie der RWTH Aachen, 
Ahornstr. 55, D-5100 Aachen, Federal Republic 
of Germany. 


reported and measured do not show this expected 
dependency on Z. 

Moreau and Calais® found that the continuum 
changes proportionally to the weight fraction 
of the constituent elements. Moreover, this 
dependency is not found in some cases (see, for 
example, B and BN in Fig. 1). In order to 
elucidate the effect, further measurements were 
carried out systematically with a LdSte crystal 
in the region 9 = 12-24° (nd = 20-40A) at a 
large number of pure elements and compounds. 
Some examples are shown in Fig. 2. Figure 2{a) 
shows that, compared with Mg and Fe, Al and Si 
have very high backgrounds especially for small 
values of 6, Similar behavior is shown in 
Fig. 2{b) for Zr, Nb, and Mo, which have high 
backgrounds compared with Ta. This phenomenon 
cannot be described by lines of higher order. 
Nor can backscattered electrons reaching the 
counter at small 6 values explain the extraor- 
dinary behavior for specific elements. The 
backscatter coefficient n increases monotonous- 
ly with Z, so that the effect should also in- 
crease with Z in the same manner, which is not 
found. Nor does different absorption of con- 
tinuous radiation cause the effect. 

The fact that the anomaly is the more re- 
markable the smaller 6 gives cause for the pre- 
sumption that total reflection of x rays at the 
surface of the analyzing crystal is the 
reason. 


Total Reflection 


Total reflection can occur if radiation ar- 
rives from an optically denser medium and im- 
pinges on an optically thinner medium. For 
X rays, any medium is thinner than vacuum, so 
total reflection is generally possible (Fig. 
3). 

According to Ref. 6, the refractive index 
for photons is 


fic¥ op 
1 - 20N To (45) K £ 
where Ng is Avogardro's number, ro = e?/mc? 
(the classical electron radius), and f is the 
atomic scattering factor. Far from the absorp- 
tion edges f nearly equals Z. In the vicinity 
of absorption edges, dispersion and absorption 
must be considered and results in an atomic 
scattering factor 


f=-Z2+ ft + 4f" 


n= 


The refractive index becomes complex and may be 
written as: 


1 - 6 - if 
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FIG, 1.--LdSte spectrometer scan on pure boron, 


boron nitride, and vitreous carbon, discrim- 
inator settings for N Ka. 
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FIG. 2.--(a) LdSte spectrometer scan on Mg, Al, Si, and Fe, discriminator settings for O ka; 
(b) LdSte spectrometer scan on Fe, Zr, Nb, and Mo, discriminator settings for O Ko. 


n, = 1 


where 6 = (2-42 ") 


h -\2 
2mN To (+) 


fi 2 
2nN_ ro (45) 


The absorptive part may be simply expressed by 
the linear absorption coefficient iu: 


Io 


and 6B 5 


Plo 


r 
p= Yan 
For x rays 6 and 8 are positive and small, which 
results in reflection indexes that are below 
unity, i.e., x rays are deflected away from the 
normal. Snell's law of deflection is (Fig. 3): 


FIG. 3.--Refraction and reflection of x-ray 
photons impinging from vacuum into a medium 
of refractive index n, 


Nn, cos 04 = ngCOS GB, 


There exists a critical angle of total reflec- 
tion 6jc, with 82¢ = 0 and therefore 62¢ = 1 
(Fig. 4): 

cos Oe =“, 
Neglecting absorption and expanding the cosine 
in a power series, we obtain for small angles 
a Bobs 


sss 
e, = 725, 2/Nak? oz . , 
‘omT A 
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FIG. 4,--Schematic representation of the critical 


angle of total reflection 6¢. 


FIG. 5.--Reflection coefficient of x-ray photons 


vs 6/O¢. 
FIG. 6.--Pulse height distributions for boron. 


FIG. 7.--Pulse height distributions for C, Si, Zr, 


and Mo. 
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TABLE 1.--Energies and critical angles of 
total reflection for several low-energy 
lines. 


X-line 


Hence the critical angle is proportional to 
the wavelength of the photons. Table 1 
shows values of the critical angle O0jc of 
some characteristic x lines, assuming oZ/A 
= 1. 

Taken absorption into account, no sharp 
limit of total reflection exists. For in- 
creasing 6 a decreasing reflectivity is to 
be found also for 8 < 61¢, and in the re- 
gion 83, < 6 < 20j¢ the reflectivity is not 
negligible (Fig. 5).’ Hence for some lines 
in Table 1 total reflection should be possi- 
ble in the 9 region, as shown in Figs. 1 
and 2. These lines should produce a pulse 
height distribution in the proportional 
counter similar to the distribution pro- 
duced by the same line at the Bragg-reflec- 
tion position. This assumption is proved 
in Fig. 6 for the B Ka line. The Bragg- 
reflected photons, just like those totally 
reflected at a LdSte crystal, produce qual- 
itatively similar pulse-height distribu- 
tions. Photons reflected at an RAP crystal 
at the same angle also show this behavior. 
Thus it is clearly demonstrated that the 
Bragg-reflected as well as the totally re-~ 
flected signals are of the same nature, but 
are deflected by two different mechanisms. 

It can also be shown for other elements 
(e.g., Si, Zr, Mo; Fig. 7) that the high 
background at small 6 values is caused by 
total reflection of low-energy L and M 
lines. 

Now it is also clear why the effect van- 
ishes in carbides, nitrides, and oxides: 
The severe absorption of the lines in ques- 
tion in the compound reduces the emission 
to a large extent. It was observed that 
even a very thin layer of an oxide, e.g., 
on Si, results in a strong diminution of 
the background.* 

To avoid uncertainties in the evalua- 
tion of the background in the case of total 
reflection it is advisable to avoid the re- 
gion of small ® angles, which may be 
achieved by use of synthetic multilayer 


rystals. They may also show total reflection 
at small angles, but suitable 2d values may be 
chosen to avoid this region. If measurement at 
small deflection angles is unavoidable, one 
should prefer off-peak measurements of the 
background on the specimen to peak measurements 
on a reference specimen. Only by doing so may 
the true background be determined. 
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EVALUATING 30mm? Si(Li) DETECTORS FOR LIGHT-ELEMENT X-RAY ANALYSIS 


Shaul Barkan 


Light-element x-ray microanalysis with the 
Si(Li) detector depends on two important detec- 
tor characteristics. One is resolution, tradi- 
tionally standardized as FWHM at Mn Ka. The 
other is efficiency, primarily, but not entire- 
ly, established by the detector area. These 
two factors affect light-element sensitivity in 
an inverse manner. A detector with premium 
resolution can be produced by minimization of 
the area of the detector window, but its effi- 
ciency is directly proportional to the detector 
area. 

A special effect of efficiency degradation 
exists in the very-low-energy end of the spec- 
trum, where the x-ray energy pulses are only 
slightly greater than the electronic noise lev- 
el. The detector dead layer plays an important 
role in low-energy detection efficiency, since 
low-energy efficiency is far more important 
than good Mn or electronic noise resolution for 
obtaining superior light-element sensitivity. 

For this experiment, two Kevex Quantum de- 
tectors (a 10mm? and a 30mm?) were 
tested and compared. By analysis of their Fe 
source spectrum, both were found to have about 
the same dead-layer thickness. The detectors 
were then installed on an SEM. The boron re- 
sults revealed that both detectors demonstrate 
the same peak-to-valley ratio when the 10mm? 
detector is specified to be 135 eV (Mn Ka reso- 
lution); the 30mm? detector's resolution speci- 
fication is 142 eV. 


Resolutton and Eleetronte Notse 


From a pool of 10mm? Kevex Mark V Quantum 
detectors (typically displaying about 135 eV 
resolution at Mn) one detector was chosen. The 
electronic noise resolution measured 62 eV, 
which results in a Fano factor of 0.118: 

[2 


1 
FWHM = [(2.35 VFEe)? + (EN)?] 


where F = Fano factor, E = incident energy in 
eV, « = energy per electron hole [3.76 eV @ 77K 
for Si (Ref. 1)], and EN = electronic noise in 
ev. 


The author is with Kevex Instruments, Inc., 
Box 3008, San Carlos, CA 94070-1308. He wishes 
to thank Dr. Daniel Bartell for his constructive 
observations; Nancy Wolfe, Galen Sapp, and Willi 
Lebhertz for their help on the SEM work; George 
Jung for the use of his laboratory in collecting 
Fe° and pulser spectra; Garry Baerwaldt for sup- 
plying the Si(Li) crystals; and Gideon Kramer 
and Tom Stark for editing this paper. 


Dead-layer Thtekness Model 


The silicon dead layer of a detector af- 
fects the background level. This dead layer, 
approximately 2000-4000 A thick, is located on 
the detector-window side of the crystal. In 
this region of the detector charge collection 
is incomplete and may diminish to zero. The 
absorption formula for the detector material is 
-OUX 


I, = Iye (2) 
where p = density (g/cm*), Ix = radiation in- 
tensity at depth x (photon/s-cm?), I) = radia- 
tion intensity impact on crystal (photon/ 
s-cm?), and yp = mass absorption coefficient 
(cm?/g). 

Let us assume that the dead layer (thickness 
d) is defined as a region that collects only a 
part of the charge. If the photoelectric event 
occurs inside this layer (x < d), it causes a 
count in the tail of the peak. If the photo- 
electric event occurs in the completely sensi- 
tive region (x > d), the system identifies this 
count as a peak count (Fig. 1). 

The radiation absorbed in the dead layer is 
fect eS) 


AI = Ig - I, = 


3 (3) 


The radiation remaining beyond the dead layer 


is Ige PH", and is counted in the peak. Fur-' 
thermore, 
-oud 
P Peak area Toe 
Pa ee Said or 
Background area Io(l-e ) 
B oud 
pze -1 * pud = [1 + (B/P)] (4) 
q - 2nbl + (B/P)) 
Pu 
where B = number of counts in background, P = 


number of counts in peak, o = density (2.33 
g/cm? for Si), u = mass absorption coefficient 
[for Si @ 5.9 keV is 145 cm?/g (Ref. 2)], and 
d = dead-layer thickness. Therefore, the same 
peak-to-background ratio indicates the same 
dead-layer thickness. 


The Experimental Process 


To determine whether the 30mm? detector can 
demonstrate low-end performance equal to that 
of the 10mm? detector, we shall define Zow-end 
performance as the ability of a detector to re- 
solve boron from noise and measure it by exam- 
ining the peak-to-valley ratio. All factors 
affecting detector performance shall remain the 
same, including: 
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An identical dead layer is achieved by 
choosing two detectors (10mm? and 30mm?) with 
the same peak-to-background ratio as produced 
from an Fe°* source, in accordance with Eq. 
(4). The same Fano factor is achieved by 
choosing a Kevex 10mm? detector with a Mn Ka 
resolution of 135 eV (electronic resolution of 
62 eV), and a typical 30mm? detector with 142 
Mn Ka (74 eV electronic resolution). From the 
resolution formula (Eq. 1), we can calculate 
that the Fano factor is approximately 0.118 for 
both detectors (assuming « = 3.76 eV per elec- 
tron hole? and E = 5900 eV at Mn Ka). For the 
following experiment, the Kevex 10mm? Si(Li) de 
tector with 135 eV resolution at Mn Koa was 
chosen. The electronic resolution was measured 
and found to be 62 eV. Step 1 involves simu- 
lating a boron peak by injecting pulses into 
the 10mm? detector system with an established 
frequency, then acquiring the spectrum. Step 2 
involves multiplying the pulser frequency by 3 
(assuming the 30mm? detector is triply effi- 
cient), and by using higher gain, simulating 
higher noise than normally exists (as expected 
from a 30mm? detector), until one gets the same 
peak-to-valley ratio. The experimental proce- 
dure is as follows: 


1. Set the pulser frequency at 100 Hz and 
the pulse amplitude at the boron peak (185 eV). 
The pulser spectrum collected is shown in Figs. 
3 and 4. 

2. Set the pulser frequency at 300 Hz. Start 
increasing the amplifier gain while reducing 
pulse amplitude to keep the peak in the same 
position (185 eV) until the same peak-to valley 
ratio is reached as in step 1 (when 62 eV pul- 
ser resolution and 100 Hz count rate are used). 
The data collected are shown in Figs. 5 and 6. 
One calculates the new noise resolution, 74 eV, 
by moving the peak to the right using gain 
changes in the pulser (Fig. 7). Assuming iden- 
tical dead layers, the results show that one 
obtains a boron peak with the same peak-to-val- 
ley ratio using a 10mm? detector with Mn Ka of 
135 eV as with a 30mm? with noise resolution of 
74 eV. This procedure yields a FWHM Mn Ko reso- 
lution of 141 eV, common for new Kevex Super- 
Quantum 30mm? detectors. 


Peak-to-baekground Calculation 


As shown Eq. (4), the peak-to-background (P/ 
B) ratio is directly proportional to dead-layer 
thickness. A problem arises when one is count- 
ing the background and the peak precisely while 
the peak and the background overlap. In this 
example (Figs. 8-10), different vertical scales 
are used for the same spectrum to demonstrate 
the level of the background counts. 

The regular scale spectrum is shown in Fig. 
10. Clearly, it is difficult to detect any 


background. Assuming that in a common Si (Li) 
detector this background does not significantly 
affect FWHM, one could theoretically calculate 
the peak area. The theoretical peak shape is 

a normal distribution: 


yy eye aye" (5) 
x m 
where o is the standard deviation and m is the 
mean measured value as shown in Fig. 11. 
Knowing the relationship between standard 
deviation and FWHM (= 2c72 In 2), one can cal- 
culate the peak area from peak height and FWHM, 
which can be readily measured. 


co 


FWHMY 27 
i te dx = fee. 


Me OI FD 


A (6) 


Y oV21 = Y 
mM 


A 


Wt 


1,065Y_, FWHM (7) 


For our purposes, we shall use the reasonably 
accurate figure obtained from the highest point 
in the peak centroid and an FWHM value as cal- 
culated in the half-height of the peak. The 
KB peak area is calculated similarly. (The kB 
peak should have sufficient height from a 
statistical perspective.) 

The escape peak area is added back to the 
Ka and K€ peaks, contribution of only 0.4% of 
the peak area. But subtracting that same value 
from the net background is not negligible, and 
the operation may not be omitted. Thus, the 
peak-to-background ratio is calculated as fol- 
lows: 


(INT) _ 
1.065] (Y_FWHM)1.004 + (Y_FWHM), 1.003] 
m m ke 


B_ 
=" 1 (8) 


The result is placed in the dead-layer formula 
(Eq. 4). 

The dead layer for the 10mm? detector can be 
calculated from the data collected and shown in 
Figs. 8-10. 


FWHM Ka = 135.5 eV FWHM K8 = 150.1 eV 
Ymka = 20 000 Ym K8 = 3660 

INT = 353494 10 = 3534940 

d = 1n(2.0145)/2.33 x 145 = 42 x 10°° cm 


The dead layer forthe 10mm? detectoris 0.42 um 


The 10mm? Quantum detector was mounted on a 
JEOL JSM 6400 SEM, and from a boron metal sam- 
ple, the spectrum in Fig. 13was acquired using 
a count rate of 1000 counts per second. In the 
penultimate step, the 30mm? SuperQuantum detec- 
tor was chosen and tested for boron perfor- 
mance. The 30mm? detector was also tested on 
the same SEM and in the same manner. The re- 
sults, shown in Figs. 14-16, are similar to 
those for the simulated 30mm? detector, pro- 
duced by the pulser method. The boron spectrum 
is shown in Fig. 17. From the collected data, 
one may calculate the p/b ratio and the dead 
layer. 


FWHM Ka = 142.0 eV 
Yk = 20 000 


FWHM K8 = 151.2 eV 
Yak® = 3649 
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INT = 367 246 x 10 = 3672 460 


Be 3672 460 i 

P ~ 1.065[20 000%142.0)1.004 (3649 x 151.2)1.003] 
= 0.0128 (9) 

d = In(1.0128)/2.33 x 145 = 38 x 107°cm 


The dead layer for the 30mm*detector is 0.38 um. 


Although the results are not truly identical, 
they are sufficiently close to allow us to con- 
clude that the dead layers of the 10mm? and 
30mm? detectors are approximately equal. 


Coneluston 


From these test results, it is clear that a 
30mm? detector with resolution of 142 eV is 
superior to a 10mm? detector with 135eV resolu- 
tion, assuming an identical dead layer. The 
30mm? detector resolves boron as well as the 
10mm? detector because it is three times more 
efficient than the 10mm? detector. Although 
the electronic noise component is greater with 
a 30mm? detector, its effects are more than 
compensated by the improvement in efficiency. 
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THE EFFECT OF AVERAGING PARAMETERS ON THE BACKSCATTER CORRECTION 


K. F. J. Heinrich and R. L. Myklebust 


The backscatter correction, together with the 
stopping-power calculation, is represented in 
the Z term of the conventional ZAF scheme. The 
present work is part of a systematic study of 
the errors committed in reducing a set of more 
than 1800 measurements of binary specimens of 
known composition with various correction pro- 
cedures. It is impossible to assess the accu- 
racy of the stopping-power calculation until a 
reasonable estimate of the accuracy of the 
backscatter correction is established. 

The backscatter correction is derived from 
the knowledge of the backscatter factor, which 
indicates the number of backscattered electrons, 
and from the energy distribution of the back- 
scattered electrons. The effect of variations 
in the energy distribution on the accuracy of 
data reduction is minor.* Unlike the procedure 
of Duncumb,? newer approaches*** include the 
backscatter coefficient numerically.. Since this 
parameter has been determined experimentally 
by various investigators,°*® this approach 
lends itself to a more detailed study of its ef- 
fects on the correction procedure. 

The backscatter coefficient varies strongly 
with atomic number of the specimen, and less so 
with the operating voltage and the atomic 
weight of the elemental target. The effect of 
atomic weight’ is always neglected; that of en- 
ergy is taken into account in the procedure of 
Scott et al.3 

The method of averaging the components of a 
multielement target can have a significant ef- 
fect on the result when major components differ 
considerably in the atomic number and element 
standards are used. Castaing® proposed adding 
backscatter coefficients in weight proportions, 
and this procedure is followed in most ZAF pro- 
cedures. The recent PAP procedure of Pouchou 
and Pichoir* uses an "average atomic number" 


x 2 

ave.Z = (ZC, v2) 

to calculate the backscatter coefficient,and then 
the backscatter correction. The proposed aver- 
aging procedures can be tested against experi- 
mental data.°*°»? The comparison of calculated 


and measured backscatter 


1. When elements of high atomic number are 
major components of the specimen, it is advis- 
able to take into account the variation of 
backscatter with the operating voltage, as done 
by Scott et al. 

2. The averaging procedure of Castaing leads 
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FIG. 1.--Comparison of experimentally obtained 
backscatter coefficients on Cu-Au alloy set 
(Ref. 5) with calculations according to Scott 
and to PAP method. 


to minor deviations in backscatter coefficients 
of multielement targets, which do not signifi- 
cantly affect the analytical result. 

3. The agreement between the experimental 
data and those predicted by the PAP procedure 
is less satisfactory and may effect the accura- 
cy of the analysis if the standard is of compo- 
sition substantially different from that of the 
specimen. 
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A ROBUST METHOD FOR DETERMINING THE DUANE-HUNT 
ENERGY LIMIT FROM ENERGY-DISPERSIVE SPECTRA 


R. L. Myklebust, C. E. Fiori, and D. E. Newbury 


The electron beam energy is a parameter re- 
quired for quantitative electron probe micro- 
analysis. It occurs in all parts of the ZAF- 
type matrix correction procedure as well as in 
all of the other matrix correction procedures. 
Recently, there has been much interest in ana- 
lyzing materials at lower beam voltages. The 
correction procedures use the so-called "over- 
voltage" term (beam energy/excitation energy). 
Uncertainties in the beam voltage generate 
larger errors at low overvoltage than at high 
overvoltage. The user may well be faced with 
an instrument that does not have a very precise 
voltmeter to measure the beam voltage, or the 
reported voltage may not actually represent the 
potential drop from the filament to ground 
(specimen). The true beam energy may differ 
from the measured potential drop by several 
hundred volts. 

It is difficult and potentially exciting to 
measure the beam voltage with a calibrated 
voltmeter; however, the physics of the beam- 
specimen interaction provides a method that is 
built into the energy-dispersive x-ray detec- 
tor. Continuum x rays are generated up to the 
incident energy of the electron beam (the Duane- 
Hunt limit). The beam voltage can then be de- 
termined with a calibrated energy dispersive 
spectrometer (EDS) by examining the high-energy 
portion of the spectrum. Although one can get 
an approximate answer by simply looking at the 
spectrum, the action of the detector response 
function distorts the apparent Duane-Hunt limit 
from the true value. We propose a method that 
we hope provides consistently unbiased values. 

The intensity of the continuum x rays at a 
given energy E can be described with an equation 
derived by Kramers’: 


i(ejde = 47 (Bs. < BS (1) 


where Z is the atomic number, k is a constant, 
Eo is the beam voltage, dE is the energy inter- 
val and I(E)dE is the x-ray intensity per ener- 
gy interval. A plot of the high-energy end of 
the x-ray continuum of copper is shown in 

Fig. 1. The solid line represents the generated 
x rays as defined by Eq. (1), and crosses the 
x-axis at exactly the energy of the electron 
beam, Eo. When this continuum is convolved with 
the Gaussian detector function, the dashed line 
in Fig. 1 is produced, which intercepts the 
x-axis about 100 eV higher in energy than the 
original expression. This distorts the shape 


The authors are at the Microanalysis Research 
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of the curve at the Duane-Hunt limit and makes 
it more difficult to fit the data accurately. 
Because of the 1/E term in Eq. (1), the plot 
of intensity vs energy is slightly curved near 
the Duane-Hunt limit (Fig. 2 is a plot of the 
continuum tails for carbon, copper, and gold) 
and one would expect that a least-squares fit 
to a second-degree polynomial expression would 
produce good results. In some cases results 
from a quadratic fit appear to be satisfactory; 
in other cases (when the spectrum is from a 
low-atomic-number element or there is pulse 
pile-up close to the Duane-Hunt limit), the 
fit produces only imaginary roots. Least- 
squares methods alsohave undesired sensitivity 
to outlying points, a serious problem, since 
data points beyond the Duane-Hunt limit intro- 
duced by the spectrometer resolution function 
(as shown in Fig. 1) need to be eliminated from 
the fit. Figures 3 and 4 are plots of quad- 
ratic fits to copper spectra at 15 and 20 keV 
beam energies, respectively. In Fig. 3, the 
pulse pile-up above the Duane-Hunt limit tends 
to pull the intercept to a higher energy and 
even though the quadratic fit shown in Fig. 4 
appears to be a good model of the data, it 
only produces imaginary roots. 

Another difficulty to be reckoned with is 
the statistical noise associated with the 
X-ray spectrum. For the most part, this noise 
can be modeled by a normal] distribution; how- 
ever, near the Duane-Hunt limit the normal 
distribution is not valid. A basis for the 
method of least squares is that the data be 
normally distributed. Therefore, it would be 
mathematically naive to attempt to use a 
method for the modeling of normally distributed 
data to model a Poisson process in which the 
data go from relatively large numbers (where 
the normal approximation is valid) to zero. 

We have chosen to use a robust estimator and 
fit a straight line by minimizing the sum of 
the absolute deviations instead of the sum of 
the squares of the deviations.? The function 
to be minimized is therefore 


{ae bx, | (2) 
instead of x? as required for least squares. 
Figure 7 is a dramatic example of the effec- 
tiveness of the robust estimator where the 
presence of the gold peak does not significant- 
ly influence the quality of the fit through the 
continuum. If we multiply the x-ray intensi- 
ties in Eq. (1) by their energies, the result 
should be a straight line, the x-intercept of 
which is the Duane-Hunt limit. Experimentally, 
a slight deviation from a straight line arises 
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FIG. 1.--Segment of synthetic copper spectrum measured with beam voltage set at nominal value of 


15 keV. 
convolved with Gaussian detector function. 
dividing by E. 


FIG. 2.--Segments of synthetic spectra of gold, copper, and carbon at 15 keV. 


transformed back to intensity by dividing by E. 


Solid line is generated x rays computed with Eq. (1). 
Data have all been transformed back to intensity by 


Dashed line is generated x rays 


Data have all been 


FIG. 3.--Segment of experimental spectrum of copper at nominal value beam voltage of 15 keV to- 


gether with least-squares fit a second-degree polynomial. 


intensity by dividing by E. 


Data have all been transformed back to 


FIG. 4.--Segment of experimental spectrum of copper at nominal beam voltage of 20 keV together 
with least-squares fit to second-degree polynomial (dashed line) and fit using robust estimation 


method described here (solid line). 
by E. 


because of imperfections in Kramers's equation 
and the Gaussian response shown in Fig. 1. Be- 
cause it is physically impossible to have non- 
zero intensities beyond the Daune-Hunt limit, 
the next step is to eliminate all the data be- 
yond the root from the fitting procedure and 
refit the data. An iterative procedure has 
been devised to eliminate systematically data 
points with energies higher than the value of 
the root of the equation. The procedure always 
uses 300 channels (a channel is defined as an 
energy interval and is usually 5, 10, or 20 eV) 
on the low-energy side of the best estimate of 
the root and a number of channels on the high- 


energy side that is reduced with each iteration. 


At the start, 150 channels on the high-energy 
side are used. On successive iterations, this 


Data have all been transformed back to intensity by dividing 


number is reduced to 50 channels, then 10, 7, 
5, 3, and finally 1 channel. The program is 
not allowed to terminate until after the number 
of channels on the high-energy side is reduced 
to 1. The resulting expression is used to com- 
pute predicted values of the intensities which 
are then plotted with the measured values (Fig. 
5). To test the fitting method, energy-dis- 
persive spectra are synthesized with Eq. (1) so 
that the ''true" Duane-Hunt limit can be de- 
fined. For this test case, the proposed fit- 
ting method is exact. When specimen absorp- 
tion, detector efficiency, spectrometer broad- 
ening, and Poisson noise are added to a synthe- 
sized copper spectrum, the fit is still within 
0.33% of the ''true'' value for 10 repeated syn- 
theses with random noise. 
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FIG. 5.--Segment of experimental spectrum at 

nominal beam voltage of 15 keV together with 

fit using robust estimation method described 

here. Data have all been transformed back to 
intensity by dividing by E. (a) carbon, (b) 

copper, (c) gold. 


An examination of Figs. 2 and 5 demonstrates 
why the results are better with high-atomic- 
number targets than with low. Since the con- 
tinuum intensity increases with atomic number, 
the higher atomic number targets provide more 
x-ray counts in the spectrum and therefore bet- 
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ter statistics. Also, the higher number of 
counts the method more robust, as is 
demonstrated by the fit shown in Fig 5(c). 

Here two of the gold L-series x-ray lines occur 
within the range of the data to be fit. Note 
that the fitted line is still a good estimation 
of the data regardless of the peaks present. 

In fact, if the peaks are stripped from the 
spectrum and the fit is repeated, the Duane- 
Hunt limit is only lowered by 4 channels (40 
eV). 

As with any procedure of this type, the re- 
sults depend on the information supplied by the 
user. The spectrum should be accumulated for a 
sufficient length of time and at a low enough 
detector dead-time to insure good statistics 
and to minimize any pulse pile-up. It is nec- 
essary that the detector be properly calibrated 
to avoid miscalibration errors propagating 
through to the final result. Further testing 
of the method will be carried out to identify 
any possible systematic errors that might arise 
from the deviation in linearity from the as- 
sumed response given by Eq. (1). In addition, 
we intend to evaluate other fitting procedures 
such as a quadratic fit where the discriminant 
(b?-4ac) is constrained to be greater than or 
equal to zero. 
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A FURTHER DEVELOPED MONTE CARLO MODEL FOR THE QUANTITATIVE EPMA OF COMPLEX SAMPLES 


Norbert Ammann and Peter Karduck 


An universal Monte Carlo (MC) program has been 
developed in order to calculate the ionization 
probabilities 6,;(z) in layered specimens. 
Having started with a model for pure elements, ! 
the new program now simulates the EPMA of any 
sample consisting of up to 20 different elements 
from hydrogen to uranium in up to 10 layers on 
substrates. The cross sections for inelastic 
scattering have been revised completely in 
order to obtain a realistic model. 

The present program works without any adjust- 
ing parameter. With the new ionization cross 
sections, the results of the MC simulations 
agree closely with experiments. Significant 
deviations of $))(z) in coated samples from 
those in homogeneous specimens have been found 
and could be explained. 


Deftnittons 

The depth coordinate relevant for the elec- 
tron diffusion is the mass depth expressed in 
units of mass per area. For simplicity the 
mass depth is denoted by z, whereas z' is the 
symbol for the geometrical depth. z is often 
defined by the product of the density p and z', 
but in general the density at depth z' is the 
derivative of z with respect to z!: 
dz = o(z')dz' z=0Q <=> z' = 0 (1) 

Any result of EPMA concerning the depth is a 
mass per area or, when divided by the atomic 
weight, a number of atoms per area. 

The electron bombardment establishes a 
stationary electron (flux) density N(E,z) in 
the region near the sample surface. N(E,z) dE 
dz is the mean number of electrons with ener- 
gies between E and E + dE in the depth interval 
(z,z + dz), related to a beam current of one 
electron per time unit. The electron density 
is determined by the sample composition, the 
beam energy Ep, and the tilt angle. 

Equation (2) is a physical definition of the 
jonization probability );(z) by the electron 
density. Qn, is the ionization cross section 
and Ep) the binding energy of the atomic sub- 
shell characterized by the quantum numbers n 
and 1. 


Eg 


Z 1 
®ni(z) = men |, Qni (E)N(E,2) dE (2) 


It can be shown that Eq. (2) is consistent 
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with the experimental definition of Castaing 
and Descamps.* 

Any relative emitted x-ray intensity I, can 
be calculated by Eq. (3) once N(E,z) is known, 
where <u, (2) > is the mass absorption coeffi- 
cient averaged from the surface to depth z, 
8+ 1s the x-ray take-off angle, and A is the 
wavelength: 


fo] 


IT, = Qn1 (Eo) c{z) expl-<p, (2) >2/sin(o,)] 


1 (z) dz (3) 

Equation (3) demonstrates the common 
problem of EPMA, the determination of the con- 
centrations c({z) from the measured intensities 
and the corresponding set of (coupled) inten- 
sity equations. Obviously the knowledge of 
the 6y,(z) curves is prerequisite to exact 
calculations, but up to now these curves have 
been rather unknown even for samples with thin 
coatings. 

The trajectories [Bj js)524,5 (99) of N 
beam electrons (index i;0) and those of the 
produced secondary electrons (i,j > 0) are 
related to the electron density by Eq. (4); 
6(x) is the Dirac function, and s is the path 
length. 

1 N © co 
N(E,z) = lim = >» +> | 8(E - E. .€s)) 
Neo Y j=1 j=0 10 ote 


»6(z - 2,4 09)) ds (4) 


The present program calculates N(E,z) from 
Eq. (4) by approximating 6(x). 

Finally, the quantity g7 is defined by 
Eq. (5), where cz is the weight fraction of 
element Z at point of space X, Az its atomic 
weight, and Na is Avogadro's number: 


g,(X) = c,(X) NA/A, (5) 
Here g_ is used as the weighting factor for 
the cross sections in compounds. 


Cross Secttons 


The MC simulation is a numerical method to 
calculate the predictions of atomic cross 
sections. The cross sections determine the 
accuracy of the simulations and therefore the 
values used have to be explained prior to the 
presentation of results. 

The elastical scattering is described com- 
pletely by the differential cross sections 
doe;/dé. Normalized, dog,;/dé represents the 
distribution of scattering angles 6 due toa 
single event. The integral of dog;/de@ from 
6 = 0 to t is the total elastic cross section 
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Gels Summation of g7 0e1,z over the atom 
numbers Z results in the mean number of elas- 
tical scatterings per unit path length in a 
compound. 

The present program uses Mott Eeess sections, 
which are published for 13 elements. 
Approximated values for the remaining elements 
have been calculated by linear interpolation 
of the R values, which are the ratios of Mott 
to Rutherford cross sections. For the inter- 
polation to low Z, R(Z = 0) has been set to 
unity. 

Inelastic scattering is completely deser bed 
by the differential cross sections dop)/dW.* 
The fundamental relations between doy j/dW, the 
ionization cross section, and the stopping 
power lead to the main difference between the 
present and previous models. Normalized, 
doyn,/dW is the distribution of the primary 
electron energy loss W after an ionization of 
the nl shell. Integration of doy ;/dW from 
W = En, to the electron energy E gives the 
ionization cross section Qn) (E): 


E 
(doyi/dW) dW 
En 


Qni CE} = | (6) 


With the occupancy Npnij, the mean number of 
nl-shell ionizations per unit path length is 
given by the product gz*Nni*Qni- The integral 
Wedon)/dW over W is the stopping power Sp; and 
at least the mean energy loss <dE/ds> is given 
by summarizing g7°Nni°Sn, over ail elements 
and their shells. 


E 
<dE/ds> = } a) Nn | W(doni/dW) dw], (7) 
Z nl En 


Obviously neither the energy loss nor the 
ionization cross sections are independent of 
the differential cross sections. A reasonable 
input for the simulation has to obey these 
relations to avoid contradictions. For 
example, an ionization cross section greater 
than that of Eq. (6) would predict more energy 
converted to ionizations than the electron has 
lost. <A systematic deviation of the calculated 
intensities may be the consequence of using an 
ionization cross section that systematically 
deviates from Eq. (6). Therefore, the leading 
idea was to find a reasonable input for the 
simulation program which obeys Eqs. (6) and 
(7). The formulas of previous models could 
not be adopted because none of them satisfies 
this condition. 

The cross section formulas of Gryzinski* are 
suitable for MC simulations because they pro- 
vide don}/dW, Qy1, and Sp; in a closed form. 
The energy variation of the ionization cross 
sections shows satisfying agreement with 
experimental values.> Yet the mean energy 
loss predicted by the same formulas differs 
up to 20% from experience and there seems to 
be only the choice of realizing either con- 
sistent equations or an experienced energy 
loss. 

But use of the Gryzinski cross sections 


modified according to Eq. (8) allows even the 
realization of any mean energy loss <dE/ds> 


without violating Eqs. (6) and (7): 
<dE/ds> 
don ,/dw = (doni/dWa.2) ane (8) 
Gryz 


<dE/ds> has been calculated by the Bethe 
formula with the mean ionization potential of 
Sternheimer® and the extrapolation to low 
energies proposed by Rao Sahib and Wittry.” 

The binding energies of Sevier® have been used 
to calculate the Gryzinski formulas. Contrary 
to earlier models,! the shells of each model 
atom are occupied by all Z electrons. 

An accurate simulation in layered specimen 
has to consider the effect of interfaces on 
the free-path distributions.? The general 
relation for the simulation of free paths A in 
samples with any inhomogeneity is Eq. (9). 

The integrand represents the scattering prob- 
ability per unit path length, possibly dif- 
ferent at any point in space X; R is a random 
number. 


A(R) 


L g,(X(s)]{e1 + J Np Qnilz ds = -In(1 - R) 


The present program provides an exact 
simulation of the free paths. Suppose an 
electron is at point X9 in the sample. The 
next free path has to be simulated. At first 
any inhomogeneity is ignored and A() Gs 
simulated by Eq. (10). <Ag> is the mean free 
path in the material surrounding Xq. 


oe - <Ag> In(1 - R) 


(10) 
Interfaces are assumed at distances Dy, Do, 
. from the starting point Xj. Each time the 
electron strikes an interface, the free path 
is recalculated by multiplication of the 
remaining path by the ratio of the mean free 
paths of the materials after and before the 
interface, <A,> and <Ay_,>, respectively. 


k 
<A. > 
Ck} s k k-1 
A = Dy hae - Di) k > 0 
(11) 


The real number of scattering events per 
beam electron is of the order of 10% to 10%, 
too high for a pure single scattering model. 
Similar to previous hybrid models, the present 
program simulates elastical interactions with 
scattering angles higher than 7/18 (=10°), 
and ionizations with secondary electrons of 
more than 200 eV energy explicitly. These 
ionizations represent approximately 1% of the 
physical scattering events and 1/3 of the 
total energy loss. The remaining energy loss, 
given by Eq. (12), is continuously subtracted 
along the trajectories. 
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elastic but also the inelastic events are 


1.2 ; E 
considered by the calculation of the mean 


— “MC, Ht 0.9 scattering angle on the simulated free path. 
i MC, ¥T 
—MMc, Gr/med Results 


® experimental 


Previous MC programs have used Mott cross 
sections for elastic scattering and simulated 
single ionizations, as well as secondary 
electrons. But they could not accurately 
reproduce the measured x-ray intensities with 
the ionization cross sections known from the 
literature.!9 If the ionization cross sections 
given by Eqs. (6) and (8) (Gr/mod) are used, 
the calculated intensities of K, L, and M lines 
20 30 aD agree with those measured!! +12 within experi- 

beam energy [keV] mental error. Systematic deviations occur if 
the ionization cross sections of Hutchins! 
(Ht 0.9) or Worthington and Tomlin!* (WT) are 
VET Ge L, in GaAs used (Fig. 1). 

Simulated intensity ratios (k-ratios) of 
layer and substrate elements in coated samples 
agree closely with experimental values!5 
(Fig. 2). This finding shows that the 4p) 
curves are accurate in the film and in the 
substrate. 

Using the simulated electron densities, we 
have calculated the compositions of Ni-Cr on 


intensity 
So 
oO 


04 


16 


9° 
fos) 


intensity 
o 
oe 


cs E —-MC, Ht O89 Gd-Fe-Pt double layers on silicon from measured 
MC, WT intensities independently at 20, 25, and 30 kV 
0.2 y — MC, Gr/mod (Fig. 3). Within experimental error agreement 
2 experimental with values from RBS analysis!® is obtained. 
0 A further application of the present program, 
0 10 20 30 40 quantification of a:C/B-H layers, has been 


beam energy [keV] reported elsewhere. ! 


The present program has been used to inves- 
tigate the effect of inhomogeneities on the 
shape and amplitude of ionization probabilities 
$n1- %<In films with low atomic numbers on 
: substrates of high Z ("light on heavy''), the 
SMe, Grimes we maximum of 6,,(z) shifts to greater depths 
with growing film thickness. It is well known 
that the maximum of 6,; in homogeneous speci- 
men lies the deeper the lower the atomic 
number of the material. Therefore this shift 
has to be expected. But the B Ka ionization 
probability in NiCr coated with BC shows that 
the maximum can lie even deeper than in the 
pure film material. Not until the film thick- 
- ness becomes more than half the electron 
0 10 20 30 penetration depth does the maximum position 

beam energy [keV] shifts rapidly back to that of the pure film 
FIG. 1.--Relative intensities, calculated for material. Furthermore, the amplitude of 4); 
various ionization cross sections and experi- behind the interface is considerably higher 
mental values.!! (a) C Ka intensities of SiC, than it would be in the same depth of the pure 
(b) Ga La intensities of GaAs, (c) Pt Ma substrate material (Fig. 4). 
SAPAReIT ies OF Pt: The integral of N(E,z) from E,; to Eg 
represents the pure number of the electrons 
capable of ionizing the nl sheil. The compar- 
Fe 1 +200eV ison of this electron density with the corre- 

nl sponding %,;(z) curves demonstrates that the 
<dE/ds>_ = ) Sy TL Nai? W(do_,/dW) dw], (12) shape deformations are mainly due to the pure 
Z nl Eni number of electrons in depth. 

In the opposite case of heavy layers on 
light substrates the maximum shifts rapidly 
toward the surface with increasing film thick- 
ness. Similar to the case of "light on heavy," 
the position of the maximum is not restricted 


© experimental 
x MC, Ht09 
A MC, WT 


intensity 
OQ 
wa 


The remaining scattering is taken into 
account by artificial scatterings at the half 
of each simulated free path.! The remaining 
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FIG. 2.--Calculated and experimental! Ti Ko 
and Si Ka k-ratios of silicon coated with 
titanium (10 and 50 nm). 

FIG. 3.--Layer compositions of a NiCr on GdFePt 
double layer on silicon. RBS results!® (solid 
lines) and values obtained by MC-based matrix 
correction of measured k-ratios (at three 
different beam energies). 


to the region between the maxima of the 41 
curves in the homogeneous materials. The 
position can be much closer to the surface 
than that of the pure film material. Above a 
relatively low critical film thickness, the 
effect is reversed and the maximum shifts to 
the position of the pure film material. The 
amplitude of yn; in the substrate is damped 
by strong backscattering in the film, although 
deep in the substrate %),;(z) is nearly 
unaffected even at thicknesses half the 
penetration depth (Fig. 6). 


Cone lustons 


Accurate results concerning $y] curves, 
intensities, and k-ratios can be calculated by 
the present MC program if the modified cross 
section formulas are used. Although the direct 
verification of the calculated ionization prob- 
abilities in complex specimens seems nearly 
impossible, the overall agreement with the 
experiments confirm that the simulated curves 
are very close to reality. Nevertheless, one 
cannot assume that Eq. (8) represents the 
exact cross sections; it must be concluded that 
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FIG. 4.--Simulated ¢$pn)(z) curves for B Ka in a 
NiCr alloy coated with BC layers of various 
thicknesses. 

FIG. 5.--Densities of electrons with E > 188 eV 
in the samples shown in Fig. 4. 

FIG. 6.--Simulated $n1(z) curves for 0 Ka in 
SiN, coated with Au layers of various 
thicknesses. 


the most important quality of MC models is the 
realization of the fundamental physical 
relations. 

Even simulations of EPMA in samples coated 
with single films reveal how manifold the 
@n1(z) curves in nonhomogeneous specimen are. 
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Such $y] curves deviate in shape and amplitude 
from those in homogeneous samples. Only the 
MC simulation is flexible enough to provide ail 
these curves. Therefore, this method seems 

to be an irreplaceable tool for accurate 
analysis of inhomogeneous specimens. Never- 
theless, thin-film data evaluation programs, 
based on parametrized $y] curves, are already 
available and work fairly wel1.1!8 
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AUTOMATED MINERAL ANALYSES IN TASK8 


W. F. Chambers, A. A. Chodos, and R. C. Hagan 


TASK8 was designed as an electron microprobe 
control program with maximum flexibility and 
versatility, lending itself to a wide variety 
of applicaitons.’ One of the quantitative anal- 
ysis routines available under TASK8 is a Bence- 
Albee program, BA85, capable of analyzing up to 
AS oxides,? and normally used in the microprobe 
laboratories of the Sandia and Los Alamos Na- 
tional Laboratories for geologic analyses. 
While using TASKS and BA85, we decided to in- 
corporate the capability of using subroutines 
which perform specific caluclations for nearly 
any type of mineral phase that might be ana- 
lyzed in the laboratory. This minimizes the 
need for post-processing of the data to perform 
such calculations as element ratios or end-mem- 
ber or forumula proportions. It also allows 
real time assessment of each data point. 

The use of unique "mineral codes" to specify 
the list of elements to be measured and the 
type of calculation to perform on the results 
was first used in the microprobe laboratory at 
the California Institute of Technology to opti- 
mize the analysis of mineral phases.* A simi- 
lar approach was used to create files that are 
matrices of mineral codes for TASK8 that can be 
called via three letter codes. Each mineral 
code specifies the number and identity of the 
significant elements to be analyzed for in a 
particular mineral type, the standards to be 
used, and constants such as the number of oxygen 
atoms and the number of cations in the mineral 
formula. An end-member subroutine tailored for 
that particular mineral type can also be called 
by the mineral code. 

The strength of this method is the versatili- 
ty that it provides in creating mineral codes. 
Three files are used to create mineral codes: 
an alpha table, the "mineral code" matrix (MCM), 
and the TASK8 elemental table. The alpha table 
has $(pz) calculated alpha factors for 90 com- 
pounds, including nearly every component found 
in minerals. Several of the table entries are 
for different valence states of common elements 
(e.g., both FeO and Fe,0; are represented al- 
though only one would be used for any one anal- 
ysis). The MCM is in an esay-to-edit file that 
assigns a three-letter mnemonic that identifies 
the Chemical Instrumentation Research Division 
1821, Sandia National Laboratories, Albuquerque, 
NM 87185. He is now in the Repository Perfor- 
mance Assessments Division 6312. A. A. Chodos 
is at the Geological and Planetary Sciences Di- 
vision, California Institute of Technology, 
Pasadena, CA 91125. R. C. Hagan is at the Earth 
and Environmental Sciences Division, Los Alamos 
National Laboratory, Los Alamos, NM 87544, This 
work was supported by the U.S. Department of En- 
ergy under Contracts DE-AC04-76DP00789 and 
W-740S5-ENG-36. 


the mineral and defines the compounds, the ele- 
mental references with their standards, the 
stoichiometry, and the number of oxygens and 
cations. Flags are set in the MCM to indi- 
cate if any element is present in a fixed 
concentration or is to be calculated by differ- 
ence and to indicate which end-member subrou- 
tine should be associated with each mnemonic. 
Up to 25 wineral codes can be defined in a 
single MCM file and up to 200 MCMs are 
permitted in the TASK8 system. Tables 1 and 2 
present summaries of MCM entries for a feld- 
spar and a zeolite. Note that Fe is analyzed 
as FeQ in FEL but as Fe203 in ZEO, and the two 
systems use different references. As shown in 
Table 3, the TASK8 element table associates 
elements with calibration data collected from 
standards and provides necessary data collec- 
tion information (e.g., analysis crystal and 
spectrometer, peak and background locations, 
detector bias, maximum counting time, and anal- 
ysis priority). The CF column in the element 
table relates the intensity collected from the 
standard to that which would have been collect- 
ed from a pure oxide of the element in ques- 
tion. 

Having the end-member calculation printed at 
the time of the analysis permits an evaluation 
of the quality of the analysis by the geochem- 
ist in a real-time sense. A geochemist is 
usually studying a suite of samples with a par- 
ticular goal in mind, for example the effects 
of magma mixing on crystallite growth. Often 
only a few of the parameters printed from the 
end-member calculation will be pertinent to the 
particular problem under study; however, having 
extra parameters is not a burden. The ease of 
addition of new criteria to the end-member cal- 
culations means that as new problems are en- 
countered additional evaluation parameters are 
included. Our philosophy has been to add to 
the existing criteria whenever a geochemist re- 
quires a new piece of information but to leave 
all the previous information available. 

To perform an analysis, the quantitative 
routine is initiated from TASK8 after an ele- 
ment table has been loaded and the references 
are calibrated. The routine requests the num- 
bers of the alpha table and MCM that are 
to be used. Once they are loaded, entering the 
mnemonic for a mineral code will cause the 
machine to perform a full quantitative analysis 
of the selected point and will use this infor- 
mation to perform an end-member calculation. 
Acceptable analyses are stored to disk and may 
be simultaneously output to a database on a 
separate computer. Analysis points can be se- 
lected interactively via a joystick or pre- 
selected and entered in a points table. If 
points are preselected, any available mineral 
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code may be independently associated with each 
point when it is set. The system permits over 
20 000 preselected points. 

Representative quantitative analyses and end- 
member calculation using the FEL and ZEO codes 
are presented in Tables 4 and 5. The "Beta" 
factor is the correction factor applied to the 
measured k-ratio. MDL is the minimum detection 
limit of the oxide based on counting statistics 
for the experimental conditions utilized. To 
date, the 21 end-member subroutines shown in 
Table 6 have been incorporated in the TASK8 sys- 
tem. The associated documentation describes in 
detail the workings of each subroutine and 
gives procedures both for modifying existing 
subroutines and writing new ones.° 
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TABLE 1.--Feldspar (FEL) entry for mineral code TABLE 2.--Zeolite (ZEQ) entry for mineral code 


matrix. matrix. 
Code 1 FEL Use end-member sub- Code 20 ZEO Use end-member sub- 
routine #1. Use 8 Oxygens and 5 Catatoms routine # 20. Use 36 Oxygens and 10 Catatoms 
for stoichiometry. There are 9 entries for for stoichiometry. There are 11 entries for this 
this code. 0 of these are fixed. None are by code. 0 of these are fixed. One is by difference. 
difference. The oxides and their references are: 
The oxides and their references are: SiO2 usesrefSI1 TiO2 — uses ref Ti 
SiO2 usesrefSI1 TiO2 uses ref TH Al203 uses ref AL1 Fe203 uses ref FE2 
Al203 uses ref AL1 FeO — uses ref FE1 MnO usesref MN1 MgO © uses refMG1 
MgO usesref MG1 CaO — uses ref CAL CaO usesref CAL Na2O — uses ref NAL 
BaO uses ref BAL Na2O_ uses ref NA1 K20 uses ref K1 BaO uses ref BA1 
K20 usesrefKi  SrO uses ref SR2 H20 _ by diff. 


TABLE 3.--Selected element table items relating reference names to standards and collection 
parameters 


Max 
EL Sp Xtal Pri Position Bkg Offsets KV time Bias Standard-intensity CF STD 


NAi 2 TAP 1. 0.46357 0.013 0.013 15 20 1249 12.69 +- 0.7% 0.609 FELI 
SH1 2 TAP O 0.27745 0.022 0.022 15 20 1198 299.85 +- 0.3% 0.588 FEL2 
CA1 4 PET 0O 0.38370 0.018 0.018 15 20 1867 91.79 +- 0.3% 0.178 FEL6 
BA1 4 PET 0 0.31742 0.015 0.015 15 20 1844 152.77 +- 0.5% 0.581 BARI 
FE1 3 LIF 0 0.48099 0.018 0.018 15 30 1842 19.21 +- 0.5% 0.137 OP14 
FE2 3 LIF 0O 0.48098 0.018 0.018 15 30 1842 128.33 +- 0.5% 1.000 HEMA 
TH 3 LIF O 0.68304 0.018 0.018 15 30 1842 53.63 +- 0.3% 1.000 RUTI 
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TABLE 4.--Results of typical FEL code analysis. 


Point# 1 MAS Demo = _20-Feb-90 9:23 AM 
BA8, File # 2 X= 35.454 Y= 36.573 FEL 
Ref's: SI1 Til AL1 FE1 MG1 CA1 BA1 NAI1 Ki SR2 


Oxide K-ratio Beta MDL Norm'd  Calc'd Wt% Stoic: (8 Ox) (5 Cat) 
SIO2 0.5754 1.1285 0.048 65.33 64.94 +- 0.38 SI- 2.9134 2.9045 
TIO2 0.0006 1.0932 9.084 0.06 0.06 +- 0.04 TI- 0.0021 0.0021 
AL203 0.1922 1.0605 0.038 20.51 20.39 +- 0.14 AL- 1.0781 1.0748 
FEO 0.0013 1.1158 0.077 0.14 0.14 +- 0.04 FE- 0.0053 0.0053 
MGO 0.0000 1.0000 0.038 0.00 0.00 +- 0.00 MG-0.0000 0.0000 
CAO 0.0110 1.0748 0.028 1.19 1.18 +- 0.03 CA- 0.0568 0.0567 
BAO 0.0012 1.3019 0.145 0.15 0.15 +- 0.12 BA- 0.0026 0.0026 
NA2O 0.0665 1.3118 0.064 8.78 8.72 +- 0.15 NA- 0.7590 0.7566 
K20 0.0283 1.1164 0.022 3.18 3.16 +- 0.05 K- 0.1810 0.1805 
SRO 0.0052 1.2258 0115 0.64 0.64 +- 0.06 SR- 0.0166 0.0165 


Total= 0.8817 99.39 

K Fe3+ Si3 O8 0.000 K Al Si3 O8 18.112 Na Al Si3 O8 75.905 
Ba Al2 Si2 O8 0.274 Ca Al2 Si2 08 5.148 FM Al2 Si2 08 0.000 
Ca FM Si3 O8 0.544 ( )Si4 08 0.018 

AB 75.918 AN 5.693 OR 18.115 CN 0.274 


Na+K+Ca+Ba+Sr (BASED ON 8 OXYGEN) = 1.016 
(Na + K + 2(Mg + Ca + Ba + Sr)) / (Al + Fe) = 1.008 


TABLE 5.--Results of typical ZEO code analysis. 


Point # 2 MAS Demo 20-Feb-90 9:27 AM 
BA8, File # 2 X= 12.752. Y= 12.388. ZEO 
Ref's: SI1 Til ALI FE2 MN1 MG1 CA1 NAI Kil BA1 4 Iterations 


Oxide K-ratio Beta MDL Norm'd = Calc'd Wt% Stoic: (36 Ox) (10 Cat) 
S102 0.4743 1.1682 0.038 55.41 55.41 +- 0.39 SI- 12.2299 5.1341 
TIO2 0.0000 1.0000 0.064 0.00 0.00 +- 0.00 TI- 0.0000 0.0000 
AL203 0.1995 1.1059 0.030 22.06 22.06 +- 0.16 AL- 5.7390 2.4092 
FE203 0.0002 1.1145 0.061 0.02 0.02 +- 0.03 FE- 0.0036 0.0015 
MNO 0.0002 1.1463 0.049 0.02 0.02 +- 0.02 MN-0.0038 0.0015 
MGO 00000 1.0000 0.026 0.00 0.00 +- 0.00 MG-0.0000 0.0000 


CAO —0,0000-—s- 1.0000 ~—0.021 0.00 0.00 +- 0.00 CA- 0.0000 0.0000 
NA2O 0.1047 1.3047. 0.047. :13.66. 13.66 +- 0.20 NA-5.8444 2.4535 
K20 0.0000 1.0000 0.014 0.00 0.00 +- 0.00 K- 0.0000 0.0000 
BAO 0.0000 +=: 1.0000-—s«0.118 0.00 0.00 +- 0.00 BA- 0.0000 0.0000 
H20 8.88 888 (Diff) H 12.9945 5.4550 


Total= 0.7789 100.00 
Si+ Ti+ Al + Fe3+ 17.4725 Ti+ Al+Fe3+ 5.7426 Mg+Ca+Mn+Ba+Na +K5 8482 


Ti, Fe, Mn Omitted: Al/Na + K +2*(Ca + Mg + Ba) 0.9819 Si+Al 17.9680 Si/A! 2.13101 


Lod 


TABLE 6.--End-member subroutines provided with BA85. 


MINERAL SUB FORMULA #Ox #Cat Elements 
Feldspar 1 (Na,K,Ca) Siz Og 16 Na Mg Al Si K Ca Sr Fe Ba 
Feldspar 101 (1-oxygen norm) 
(Na,K,Ca) Siz Og 16 Na Mg Al Si K Ca Sr Fe Ba 

Pyroxene 2 (Fe,Mg,Ca)2 Si206 4 Na MgAl Si Ca Ti Cr Mn Fe 
Olivine 3 (Mg,Fe)2 SiO4 3 MgAISi Ca Ti Cr Mn Fe Ni 
Garnet 4 (Mg,Ca,Fe)3 Al2 (Si04)3 8 Mg Al Si Ca Ti Cr Mn Fe 
Opaque 5 (Fe,Mg) Al2)4 2 MgAlSi Ti Cr Mn Fe Zr 
Biotite - Muscovite 

6 K(Fe,Mg)3(Al,Fe)Si3019(OH,F)2 Mg Al Si Ti Cr Mn Fe Zr 
Sphene 7 CaTiSiOs 3. FMgAl!Si Ca Ti Mn Fe Ce 
Amphibole 8 


(Ca,Na)2-3(Mg,Fe2+,Fe3+,Al)5 (Al,Si)g O22 (OH)2 
15 FNaMg Al Si Cl K Ca Ti Cr Mn Fe 
Kyanite - Sillimanite - Andalucite 
9 AloSiOs 3 FNaMgAlSi Cl K Ca Ti Mn Fe 
Stilpnomelane 10 Mgo(Fe,Mn)6 Al2 Sij2 039 (OH)10 
15 FNaMgAl Si Cl K Ca Ti Mn Fe Ba 


Carbonate 11 none C Na Mg Ca Mn Fe Ba Sr 
Apatite 12 Cas(PO4)3(F,Cl,OH) F Na Mg Al Si P Cl Ca Fe Ce 
Whitlockite 12 Ca3P20g F Na Mg Al Si P Cl Ca Fe Ce 
Magnetite 13 Mg Al Si Ti Cr Mn Fe Zr 
Glass 14 none Na Mg Al Si P S K Ca Ti Cr Mn Fe Ni 
Zr Ba 

Cordierite 15. Mg2Al4SisOjig 11 NaMgAlSi K Ca Ti Mn Fe 
Chlorite 16 (Mg,Fe,Al)6 (Al,Si)4 O19 (OH)g = =10 FMgAlSi Cl Ca Ti Mn Fe 
Chloritoid 17. (Fe,Mn)2 Alg Siz O10 (OH)4 F Mg Al Si Ca Ti Mn Fe 
Staurolite 17 (Fe,Mg,Zn)2 Al Sig O23 (OH) F Ng Al Si Ca Ti Mn Fe 
Hematite 18 Mg AI Si Ti Cr Mn Fe Zr 
Epidote & Clinozoisite 

19 Caz (Al,Fe)3 Siz O12 (OH) 13. FMgAISi Ca Ti Mn Fe Ce 
Zeolite 20 36 Na MgAl Si K Ca Ti Mn Fe Ba 


Unless otherwise mentioned, all norms are to 1 catatom. 
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COMPUTER PROGRAMS FOR THE CALCULATION OF X-RAY INTENSITIES EMITTED 
BY ELEMENTS IN MULTILAYER STRUCTURES 


G. F. Bastin, H. J. M. Heijligers, and J. M. Dijkstra 


Almost immediately after the introduction of 
the first electron probe microanalyzer by Cas- 
taing! it was realized that the technique would 
be eminently suited to the analysis of thin 
films and the determination of concentration 
profiles in depth. The basic requirement for 
this specific application of the technique is 
that an accurate knowledge is available about 
the x-ray production as a function of depth in 
the specimen, a knowledge that is usually ex- 
pressed in terms of so-called ¢(pz) curves (¢ 
is the number of photons and pz is the product 
of density and linear depth in the specimen). 
Unfortunately, it has taken up to the beginning 
of the 1980s before a number of $(pz) models??4 
became available on which a successful thin 
film approach could be based. Our own bulk ma- 
trix correction program "PROZA",”* ° with its 
proven excellent performance for a wide variety 
of applications (e.g., ultralight-element analy- 
sis and extremes in operating conditions) has 
been used as the basis for the development of 
the thin-film software package discussed here. 
The PROZA bulk-correction program is based on a 
combination of our own modifications of the sur- 
face-centered Gaussian $(oz) approach, original- 
ly introduced by Packwood and Brown,* and the 
atomic-number correction of Pouchou and Pi- 
choir.® Like in the Pouchou and Pichoir model, 
this approach guarantees that the integral of 
o(oz) has at all times the value dictated by 
the atomic-number correction and that the ¢(pz) 
curve displays the proper distribution. Con- 
trary to the conventional "'ZAF" approaches, 
this method makes it possibile not only to in- 
tegrate the $(pz) curve between 0 and infinity 
(for bulk correction) but also between distinct 
limits, which is essential for thin-film appli- 
cations. However, it is clear that for the ex- 
tension of a bulk matrix correction program 
toward thin-film applications it is necessary 
to take the film/substrate interactions into 
account, and this aspect will now be discussed. 


Baste Procedures 


The surface-centered Gaussian ${pz) approach 
is based on the use of four parameters, a, 8, 
y and $(0)7 with which the $(pz) curves are 
modeled. For an element in a film on a sub- 
strate one must determine how the four Gaussian 
parameters vary with film thickness and the na- 
ture of the substrate. In dealing with this 
problem the following strategy (for a single- 
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film case) has been used. 


a. The pz scale in each $(pz) curve is con- 
tinuous across the interface. 

b. The (oz) curves of the elements in the 
film are affected by the nature of the sub- 
strate; the curves for the substrate elements 
are not influenced by the presence of the film. 

c. The Gaussian parameters for a particular 
element in the film vary between two extremes 
typical for either extremely thin or extremely 
thick layers. In the latter case the bulk 
parameters Pp will have to be approached; in 
the former case the parameters can be approxi- 
mated if one considers the element as being 
solved in the substrate Ps. In all intermedi- 
ate cases the parameters will have to vary in a 
smooth and consistent way between these ex- 
tremes. For the single-film case this goal has 
been accomplished by the use of simple exponen- 
tial functions of the general form 


P = PL + (P ; - P, Jexp(-ax") 

in which the main parameter x = 0.5apT x 107° 
and T is the layer thickness in pz units of 
ug/em?, The exponent n is unity for 8 and 
equal to 2 for the others. The constant a 
has the value of 6, 3, 8, or 10 for the param- 
eters a, 8, y, and $(0), respectively. This 
empirical weighting procedure insures a smooth 
variation of the parameters and does justice 
to the fact that the backscattering of the sub- 
strate has a different effect on the various 
film parameters; the shortest distance of in- 
teraction is on $(0). 

For the case of a multilayer system a more 
complex procedure has to be followed. One ob- 
tains the composed parameters for each element 
by assigning specific weights to the parameters 
in each of the films and in the substrate, de- 
pending on the distance from the particular 
film examined, and finally integrating these 
contributions according to a fourth-degree 
polynomial, not unlike in the procedure fol- 
lowed by Pouchou and Pichoir.’ Once the four 
Gaussian parameters for each element in a par- 
ticular film are available the generated and 
emitted intensities are calculated by partial 
integration® of the $(pz) curve. 


Baste Structure of the Programs 


The software package developed consists of 
two programs: one for a single film either ona 
substrate or unsupported (''TFA'), the other for 
up to 7 films ("MLA"). Basically, each program 
contains four options. 

With the first option it is possible to cal- 
culate the emitted intensities from a layer 
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The programs were extensively tested on the 
available thin-film data in literature and 
found to perform highly satisfactorily, as 
demonstrated in Fig. 1 on a number of measure- 
ments by Reuter et al.? on two Pt films depos- 
ited on Au and Si. The agreement between the 
calculations (solid curves) and the measure- 
ments is excellent, which shows that the effect 
of the nature of the substrate is properly ac- 
counted for. The resuits of some of our own 

ee . g DF 
measurements on two Ti films on Si are shown in 
Fig. 2. Again the agreement between calcula- 4 ney 
tions and measurements is excellent, this time 2 
not only for the film but also for the sub- 
strate elements. Recently our software has 
been successfully used for the determination of 
concentration profiles in 1000 and 2500&-thick 
YBa2Cu307-x films on SrTiO, substrates and the 
determination of N, 0, and Si concentration 
profiles in implanted Si specimens (doses LO es 
10*® at/cm?). In the latter cases one can és 
find the concentration profiles in an interac- 2 “so =a aa 
tive way by simulating the geometry in 5-7 sub- ACCEL. VOLTAGE ¢kV> 
layers of the same compound with different 2 1. : 
thicknesses and compositions and comparing the 
calculations with the measurements, which must 
be available over the widest possible range in 
accelerating voltages. 

In summary, we believe that thin-film analy- 
sis with a scanning electron microscope or mi- 
croprobe is an elegant and powerful technique 
for nondestructive (sub)surface analysis that 
can now be carried out with relatively cheap 
and widely available equipment. Once the neces- 
sary software is commercially available the 
technique certainly deserves a widespread appli- 
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FIG. 1.--Agreement between predictions of our 


ean program and experimental data of Reuter et al. 
for two Pt films of 84 and 519 ug/cm? (392 and 
References 2420 R), once on Au and once on Si. X-ray 
1. R. Castaing, Application des sondes élec- take-off angle 52.5°. 
troniques @ une méthode d'analyse ponctueile FIG. 2.--Agreement between predictions of our 
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MONTE CARLO CALCULATIONS OF THE SPATIAL RESOLUTION IN X-RAY MICROANALYSIS 
OF THIN OVERLAYERS IN THE ENERGY RANGE 20-100keV 


A. G. Nassiopoulos and Evangelos Valamontes 


Monte Carlo simulations have been used in order 
to calculate the lateral extent of the x-ray 
signal in x-ray microanalysis of thin overlay- 
ers. Various primary beam energies in the 
range 20-100 keV and various film thicknesses 
(400-5000 A) have been used for incident beam 
sizes of o9 = 40 R and op = 1000 A. The case 
of a Cu film on an Au substrate has been consid- 
ered; the analyzed x-ray line was Cu Ka. In 
this case, at high primary beam energies, the 
total enhancement signal due to backscattering 
and characteristic or continuous x rays from 
the substrate is larger than the primary-beam- 
induced signal. However, when the film thick- 
ness is small, this signal is distributed over 
a large area and contributes to the total sig- 
nal as a low background superimposed on the 
sharp change of the incident-beam-induced sig- 
nal. The conditions for which this signal must 
be taken into account in the spatial resolution 
are discussed below. 


Total Enhancement Factor and Spattal 
Resolution 


Monte Carlo simulations have been used for 
the calculation of the enhancement factor due 
to backscattering, characteristic, and con- 
tinuous x rays from the substrate in x-ray mi- 
croanalysis of thin overlayers. Results pub- 
lished elsewhere?~* show that this signal en- 
hancement can rise to values greater than a 
100% of the primary beam-induced signal in 
cases where the substrate is of a high-Z mater- 
ial and the analysis is made at high primary 
beam energies (Ep > 30 keV). 

The most important enhancement signal is due 
to backscattering, but the contribution of 
characteristic and continuous x rays may not be 
negligible in some cases in the signal quanti- 
fication. The contribution of characteristic 
xX rays may attain 16-18% of the primary-beam- 
induced signal and the contribution of contin- 
uous x rays 12-14%, at 40 keV for substrates of 
a high-Z material.'~*° These results are con- 
firmed experimentally by a comparison of the 
x-ray signal from a thin unsupported film to 
that from a film of the same material supported 
by a bulk substrate. Some experimental results 
for 400&-thick overlayers are found in the 
literature.+?*?4 

Figures 1 and 2 show further experimental re- 
sults obtained from a series of Cu films on var- 
jous substrates for film thicknesses of 400 and 
1500 &. Full lines indicate results from Monte 
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Carlo calculations (see Ref. 1 for details on 
the Monte Carlo program) and the points show 
the experimental results. The agreement be- 
tween calculations and experimental results is 
quite good in all cases within the limits of 
experimental and calculation errors. 

But although the enhancement of the primary- 
beam-induced signal due to the three factors 
enumerated above is very important, its influ- 
ence on the spatial resolution depends strongly 
on film thickness. The two extreme situations 
are the case of a bulk material, where the spa- 
tial resolution is principally governed by the 
diffusion of the primary beam into the sample 
and is in the micron range; and the case of a 
very thin overlayer (some tens or hundreds of 
Angstroms), where the situation is analogous 
to that of Auger electron spectroscopy. In the 
latter case, it is now well established® ° that 
the spatial resolution is governed by the lat- 
eral extent of the primary-beam-induced signal. 

A general consideration of the problem of 
the spatial resolution in x-ray microanalysis 
of thin coatings has been made in a recent pa- 
per by Cazaux et al.* The radial distribution 
of the x-ray emission from the sample (point 
spread function) has been considered to be the 
sum of two Gaussian functions, one related to 
the primary-beam-induced signal and the other 
related to the contribution of backscattered 
electrons. Assumptions have been made concern- 
ing the standard deviations op and op of these 
two functions. 

In this paper, the radial distribution of 
the total x-ray signal is calculated by Monte 
Carlo simulations for primary beam energies 
ranging from 20 to 100 keV at normal incidence 
and various film thicknesses. All factors con- 
tributing to the x-ray signal are considered: 
primary electron beam, backscattered electrons, 
and characteristic and continuous x rays from 
the substrate. 

The calculated point spread function is then 
divided into two terms. The first describes 
the primary-beam contribution, the second the 
sum of the other three contributions. The cal- 
culated results show that the first function is 
easily approximated by a Gaussian curve. The 
second function shows a maximum at a point dif- 
ferent from zero on the R axis. It may thus be 
approximated by a Gaussian curve at radial dis- 
tances greater than the distance to this point. 


Results and Dtscusston 


The Monte Carlo program has been described 
in detail elsewhere.’ It is based on a general 
formalism proposed by Love et ai.*° 

The primary beam is considered to enter the 
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sample at normal incidence and the detection 
angle is 25.5° from the surface of the sample. 
The radial distribution of the analyzed x-ray 
Signal is calculated by consideration of the 
escape position of each photon. Intervals of 
20 R are used in the R axis. 

The radial distribution of the total x-ray 
Signal is first calculated and the contribution 
of the enhancement signal is obtained by sub- 
traction of the primary-beam-induced signal 
from the total signal. The primary-beam-in- 
duced signal is easily obtained by calculation 
of the signal from a thin unsupported film. 

This approximation is good when backscattering 
within the film is negligible. It is valid for 
the fiim thicknesses and primary beam energies 
used. 

Figure 3 shows the radial distribution of 
the primary-beam-induced signal Ip for the case 
of a Cu film (thickness 400 A) on an Au sub- 
strate at various primary beam energies. The 
incident beam, at normal incidence, was taken 
to have a Gaussian distribution with og = 40 &. 
The inset of Fig. 3 shows the radial distribu- 
tion of the primary-beam-induced signal Ip of 
the same film for an incident beam of a larger 
spot size (cy = 1000 A). In the first case 
(when oo is small), op is of the order of 200, 
but it approaches o9 in the second case (op = 
1.3-1.509; see Table 1). 

The lateral extent of the enhancement signal 
is, in the above case (film thickness 400 A), 
very large compared with that of the preimary- 
beam-induced signal. It is also decalated 
with respect to the point of incidence of the 
primary beam. Its maximum intensity for all 
primary beam energies is smaller than 5% of 
the maximum intensity of the primary-beam- 
induced signal. This result is illustrated 
in Fig. 4, where Ip is the primary-beam- 
induced signal and I(R + U + V) is the sum of 
the x-ray signals induced by (a) backscattering 
(R = Ip/Ip, where Ib is the x-ray signal from 
backscattered electrons), (b) by characteristic 
x rays (U = Ich/Ip), and (c) by continuous x rays 
(V = Icon/Ip) fromthe bulk. The same arbitrary 
units are used for In and I(R + U + V). The 
inset of Fig. 4 shows the radial distribution of 
I(R + U + V) for various primary energies in the 
range of 20-100 keV. This signal is approximat- 
ed by a Gaussian curve after the maximum in in- 
tensity and the standard deviation og of this 
Gaussian is calculated from this approximate 
Gaussian curve (FWHM = 1.660). On the other 
hand, the maximum intensity I(R + U + V)max is 
decreased with respect to Ipmax when Eo is in- 
creased. 

When the film thickness is increased (from 
t = 400 A to t = 2000 & and t = 5000 &) the lat- 
eral extent of the signal is increased (op be- 
comes greater than 1009; a smaller increase is 
observed in of). Also, the ratio I(R + U + V) 
I(R + U + V)max/Ipmax increases rapidly with the 
increase in the film thickness (Table 2) and be- 
comes important for thicker overlayers, espe- 
cially for small primary-beam energies. These 
results are illustrated in Figs. 5 and 6. The 
case of a bulk material is shown in Fig. 7 for 


comparison. The spatial resolution in this 
case is mainly governed by the lateral extent 
of the enhancement signal; oc is in the range 
3Re to S¢ > Re depending on the primary-beam 
energy (Tables 1 and 2) and is approximately 
equal to the lateral extent of backscattered 
electrons.11~1* 


Coneluston 


The radial distribution of the x-ray signal 
in the case of thin overlayers (Cu coatings on 
an Au substrate) has been calculated by Monte 
Carlo simulations for primary-beam energies in 
the range 20-100 keV for various film thick- 
nesses. All factors contributing to the x-ray 
signal creation are taken into account. A 
point spread function equal to the sum of two 
Gaussian curves is considered; the first de- 
scribes the primary-beam-induced signal, the 
second the other three enhancement factors 
(backscattering and characteristic and contin- 
uous x-rays from the bulk). The standard de- 
viations of these two Gaussian curves have 
been calculated for energies in the range of 
20-100 keV for film thicknesses 400, 2000, and 
5000 A. 

It is shown that for a film thickness t = 
400 & the enhancement signal creates a low 
background superimposed on the primary-beam- 
induced signal and does not affect the spatial 
resolution. This resuit is analogous to that 
obtained in Auger electron spectroscopy. The 
same behavior is found for film thicknesses 
t = 2000 A and 5000 R for primary-beam energies 
greater than 50 keV. For smaller energies the 
enhancement signal maximum becomes important. 

The use of high primary-beam energies (50- 
100 keV) is thus more advantageous than ener- 
gies of 10-20 keV. Focusing of the primary 
beam is easier and the spatial resolution is 
not limited by backscattering and x rays from 
the bulk, even for film thicknesses of some 
thousands of Angstroms. 
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FIG. 1.--Total x-ray signal from Cu overlayer (1500 & thick) on different substrates, normalized 
to primary-beam-induced signal (from a thin unsupported Cu film). T is the total enhancement of 
the signal due to backscattering (R = Ip/Tp, where I, is backscattering-induced signal; Ip is 
primary-beam-induced signal), to characteristic x rays (U = Ich/Ip), and to continuous x rays 

(V = Igo/Ip) from the substrate. Full lines, Monte Carlo results; points, experimental results, 
detection of Cu Ka (Cu/Au) and (Cu/Si) or Cu K& (Cu/Ni). 

FIG. 2.--Same as Fig. 1 for Cu layer, 400 & thick. 

FIG. 3.--Monte Carlo results of radial distribution of primary-beam-induced x-ray signal for Cu 
film (thickness 400 A) on Au for various primary energies in 30-100keV range. Primary electron 
beam, at normal incidence,is considered to be Gaussian distributed with og = 40 R. Inset: Same as 
in main figure, for a Gaussian primary beam with oo = 1000 R, 

FIG. 4.--Radial distribution of enhancement signal I(R + U + V) compared to primary-beam~induced 
signal shown in same arbitrary units. Primary energy Ep = 20 keV, op = 40 A, Inset: Lateral ex- 
tent of enhancement signal at various primary beam energies (09 = 40 A). 
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A METHOD TO OVERCOME THE PROBLEM OF SMALL SAMPLE TILTS 
IN LIGHT-ELEMENT ELECTRON PROBE MICROANALYSIS 


Andrew Mackenzie 


The technique of Electron Probe Microanalysis 
(EPMA) is extremely useful in the rapidly ad- 
vancing field of high-temperature superconduc- 
tivity. Since the properties of the oxide su- 
perconductors depend strongly on the oxygen 
concentration, it is important to be avle to 
measure oxygen as accurately as possible. It 
is particularly useful to know unambiguously 
the composition of small single crystals, which 
either grow with good smooth surfaces (for ex- 
ample, in the Y-Ba-Cu-O system) or can be easi- 
ly cleaved (for example, in the Bi-Sr-Cu-O sys- 
tem) to provide excellent surface quality with- 
out polishing. The Bio+sxSrz-x1Cu0g+z crystals 
are extremely soft and layer like, which makes 
polishing difficult; another advantage of 
cleaving is that the crystal need not be embed- 
ded in epoxy, and can thus be relatively easily 
removed from its mount for subsequent annealing 
treatments or other experiments. The disadvan- 
tage of mounting in this manner is the inevita- 
ble existence of small tilt angles, because 

the thin crystals bend a little when they are 
cleaved. The method outlined below was devel- 
oped to overcome this problem for small tilts. 
Applying it to a wide range of specimens has 
shown that tilting is a problem even in conven- 
tionally mounted specimens, and that a signifi- 
cant improvement in data quality is often ob- 
tained by correction for the tilt. 

The effect of a small tilt angle 6 on the 
X-ray path length to the surface of the speci- 
men is shown in Fig. 1. For small angle tilts 
of less than 3° the change in absorption is as- 
sumed to dominate the change in the distribu- 
tion [commonly referred to as the ${oz) func- 
tion] describing the primary x-ray production. 
In the notation of Fig. 1, the increased path 
length in the case of a positive tilt is given 
by 


_ px sin 8 cos 
pz* = cin v (1 * Sin @ - ay) 


where oz+ is the increased path length due to 
the tilt, pz/sin » is the path length at zero 
tilt, » is the x ray takeoff angle, and 8 is 
the tilt angle. The expression for pz~ is 


pe sin 8 cos ) 


= (ee 
sin wy sin () + 8) 
Since the problem is one-dimensional for each 
spectrometer, defined by the plane containing 
the electron optic axis and the center of the 
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analyzing crystal, the idea is to calculate 

the ratio Imax/Imin expected for two sample or- 
ientations rotated by 180°. This calculation 
is made by use of the calculated path lengths 
of pz~ and pz*, respectively, in a program 
based on a good ¢{pz) model (in this case 

based on the "PAP" model,+ since these modern 
procedures have been shown to produce reliable 
absorption corrections for light-element anal- 
ysis.*? 

Figure 2 shows the Imax/Imin ratio vs 0 for a 
sample of Biz+xSre-x!Cu0g+z at 30 kV. As ex-~ 
pected, the higher the mass absorption coeffi- 
cients, the more severe the effect, although 
this relationship also depends on the parame- 
ters of the ¢(oz) curve at the accelerating 
voltage concerned. Back calculation from 
Imax to the intensity expected for zero tilt is 
performed once the angle 6 is known. In fact, 
once this is done it is seen that simply aver- 
aging Imax and Imin gives negligible errors. 

In a real experiment this procedure is dan- 
gerous, because there could be many reasons for 
measuring intensities that differ by more than 
counting statistics at the two orientations 
which would have nothing to do with sample 
tilting. These reasons could include surface 
roughness, spectrometer defocus, current drift 
or changes to the detection efficiency of the 
proportional counters. Calculation of the tilt 
angle permits important consistency checks to 
be made. For example, if the correct mass ab- 
sorption coefficient is used, the angle mea- 
sured at any point should remain constant as 
the accelerating voltage is changed, and the 
same angle can be checked by consideration of 
data taken from two different x-ray lines with 
the same spectrometer. Once the angle has been 
confirmed as genuine, the data can be safely 
averaged and should show improved consistency 
even in a sample where a variety of tilt angles 
are present. 

Experimental measurements to demonstrate 
the usefulness of the technique were performed 
with a Cameca SX-50 microprobe. The 180° 
change in orientation was achieved by removing 
the specimen mounting block and rotating and 
replacing it. The center of the coordinate 
system was redefined carefully by realigning 
engraved crosshairs on the mounting block, using 
the light optics. This procedure allowed each 
analysis point to be relocated by a move to 
the negative of the original coordinates. A 
high-magnification electron image was used for 
realignment to an accuracy of +2 um, With 
practice, the whole operation took around 10 
min for a run on 20 analysis points. The Ka 
x-ray lines of 0, Fe, Cu, and Y, the La lines 
of Y and Sr, and the Ma line of Bi were studied 
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FIG. 1.--Geometry of path-length changes for 
tilted specimen. 


in a range of samples, either cleaved supercon- 
ducting Bio+xSre-x Cuds+z'crystals or polished 
specimens of Fe203,Cu, Bi, BizSe3, CuO, SrTiO; 
and YAG (yttrium aluminum garnet). Accelerating 
voltages between 10 and 40 kV were used, and a 
database of consistency checks such as those 
mentioned above was set up. Counting precisions 
were around 0.3%, and the current was stabilized 
to better than 0.1%. The spectrometers were not 
moved while peak data were taken, and a separate 
run was used for the backgrounds. 

The results of over 40 consistency checks in- 
indicated that angles of less than 3° can be 
measured to a precision of 0.14°. More impor- 
tant, data that passed the angle consistency 
checks were consistent within any one sample to 
better than 1% for all x-ray lines including 
oxygen, and it is this figure, not the counting 
precision, that should be always used to esti- 
mate the real precision of the experimental data 
from homogeneous samples. The use of single 
crystals for all the oxide samples increased 
confidence that they were homogeneous. The 
figure of 1% compares very favorably to the 
single orientation measurements, where consis- 
tency for oxygen was as poor as 3% in polished 
samples and worse still in the small crystals. 

Although the problem of surface tilts is 
most severe when Jight-element data are taken 
from unusually mounted specimens, it is by no 
means restricted to this situation. The angles 
measured in the course of this work were up to 
2.5° in the crystals and, surprisingly, up 
to 2° even in polished samples. These 2° angles 
occurred at the edges, where rounding effects 
due to the polishing process were evident in a 
light microscope. Smaller angles of 0.5° were 
often measured and confirmed from the center of 
the samples, where none was suspected from the 
light optics. Figure 2 shows that even a 0.3° 
tilt angle affects Bi Ma line (2.42 keV) data 
taken at 30 kV by 1%, so that the importance 
of dual orientation measurements is seen to have 
a far wider scope than just improving oxygen 
data from cleaved superconducting samples. In 
addition, one of the worst affected polished 
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FIG. 2.--Imax/Imin ratio vs tilt angle © in 
Bio+xSro-xtCudg+z at 30 kV. 


samples (YAG) was commercially provided, show- 
ing that the problem is not restricted to de- 
ficiencies in the polishing process used in 
our laboratory. 

Another advantage of the dual-orientation 
method of data taking is that even loca] tilts 
may be measured and corrected, whereas any 
angles measured by the light optics of a micro- 
probe instrument are global to the whole sam- 
ple. As long as the consistency checks de- 
scribed above are used, it is possible to veri- 
fy that the local tilt angle that is measured 
is genuine. 

In conclusion, the technique developed for 
measuring and correcting small angle specimen 
tilts has been shown to work well, and its use 
extends the range of sample mounting procedures 
that can be used to provide reliable raw data 
for microanalysis. In the case of light-ele- 
ment analysis especially an improvement is seen 
when dual orientation measurements are used on 
almost any type of specimen. 
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CALIBRATION OF NIST MINERAL GLASS STANDARD K-411 AND THE CONCEPT OF A MODEL 
STANDARD IN QUANTITATIVE ELECTRON MICROPROBE ANALYSIS 


S. V. Yang, J. Wagstaff, and G. McKay 


The concept of a "model standard" is introduced 
in this study. A model standard has had its 
composition calibrated by the backward-ZAF-cal- 
culation method described by Yang and McKay.?* 
The reported and the calibrated compositions of 
the NIST microanalytical mineral glass standard 
K-411 are listed in Table 1 for comparison. 
This study emphasizes methodology and concept 
rather than pursuing numerical precision. 


Procedures 


The National Institute of Standards and Tech- 
nology (NIST, formerly NBS) offers a wide spec- 
trum of high-quality analytical standards. For 
microanalytical standards, NIST mineral glass 
standards SRM470 (K-411 and K-412) "provide a 
highly homogeneous material at microscopic spa- 
tial resolution.''? Other advantages of these 
NIST mineral glass standards are their availa- 
bility and their stable compositions.% At NASA 
Johnson Space Center, NIST mineral glass stan- 
dard K-411 was evaluated along with several 
other local microprobe standards by the back- 
ward-ZAF-calculation method. These standards 
were not analyzed against a reference standard 
in the usual manner. Instead, our CAMECA MBX 
electron microprobe was used to collect stan- 
dard data records (peak intensity in counts per 
second per nanoamp) for each element of the 
several different standards being evaluated. 
These peak intensity data for each standard rec- 
ord were then transformed to their respective 
pure elemental standard intensities by three 
different ZAF procedures (CAMECA ZAF,* CAMECA 
PAP*, and DUST’). The resulting transformed 
pure elemental standard intensities for Si are 
plotted in Fig. 1 for comparison. 

First, compare the NIST certified Si data 
for the K-411 (point A, Fig. 1) composition, of 
which the oxygen concentration is calculated 
stoichiometrically and the total Fe is reported 
as FeO, with the calculated pure element stan- 
dard peak intensities as transformed from the 
standard data records. This comparison reveals 
an apparent undercorrection of Si by all three 
ZAF procedures. (In Fig. 1, data points plot- 
ted below the average line are considered to be 
relatively undercorrected.) Similar apparent 
undercorrections for the K-411 composition are 
associated with Ca and Mg data as well. Under- 
corrected standards trend to give systematical- 
ly high analytical totals, and vice versa. 
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Some of the major factors which can cause such 
errors are (1) inaccurately reported composi- 
tions, (2) ZAF correction errors, (3) instru- 
mental errors, and (4) analytical errors. 

We modified the stoichiometric oxygen data 
of K-411 to account for the extra 0, in Fe,0;, 
based on the FeO/Fe20; weight ratio of 0.342.° 
In addition, we incorporated an uncertified Mn 
value’ (see Table 1) into the backward-ZAF cal- 
culation. These modifications reduced but did 
not eliminate the undercorrection problem of 
Si in K-411 (see point B in Fig. 1 and Table 
Ass 

In principle, a probe sample can be analyzed 
a number of independent times with several 
standards with the results of these analyses 
averaged to reduce the errors from the ZAF cor- 
rection and from inaccurately reported standard 
compositions. Unfortunately, this procedure is 
tedious and impractical for routine analyses. 
An alternative and much more practical method 
is to adopt this backward-ZAF conversion pro- 
cedure and calibrate the composition of the 
chosen standard by the amount it is off the 
standard average (e.g., point B to point C in 
Fig. 1). Table 1 shows the calibrated composi- 
tions of K-411 (C to E), in which the Si con- 
centration was calibrated by 14 Si standards. 
Here we define the standard with the calibrated 
composition as a MODEL STANDARD. In reality, 
the composition of a model standard may not 
necessarily reflect its true composition. 
ever, using a model standard is technically 
equivalent to performing a probe analysis with 
use of multiple standards for each individual 
element. Plots similar to Fig. 1 will help the 
analyst identify which probe standards that 
have their natural quantities closest to the 
qualities of a model standard. 


How- 


Diseusston 


This study quantitatively demonstrates the 
fact that a small inaccuracy or ambiguity of 
the reported concentration value of a nonana- 
lyzed element such as oxygen can affect the 
overall quality of data reduced by use of that 
concentration as a standard value. To avoid 
similar future problems, the composition of all 
electron microprobe standards should be report- 
ed in the form of elements instead of oxides or 
other compounds. 

Many electron microprobe analysts believe 
the myth that to minimize the ZAF correction 
error, one should choose the standards with the 
composition close to that of the unknown. In 
reality, it is very difficult to do so. In 
Fig. 1, both JSC standards CP19 and IRPX are 
pyroxenes that have similar compositions. Un- 
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FIG. 1.--Evaluation of Si in K-411 by CAMECA 
pap. See Table 1 for data points (A) to (C). 
Multiple symbols for the same standard repre- 
sent supplemental calibrations of that standard. 


fortunately, the analyzed Si concentration of 
IRPX rill be higher than the reported value if 
one uses CPi9 as the Si standard. On the other 
hand, there is no statistical difference be- 
tween the analyzed and the reported Si values 
of IRPX if either JSC standard OLSW (Mg-Fe oli- 
vine) or ORFO (Mg olivine) is used as the Si 
standard. 

Data points in Fig. 1 show that JSC standards 
KAER, WGLD, OLIG, and SIO2 are all qualified to 
be model standards for Si analyses. One can 
minimize the analytical error for Si in quanti- 
tative electron microprobe analysis by use of 
one of these model standards as the Si standard. 
This error minimization is the single most im- 
portant advantage of the above procedure. Such 
error minimization is particularly important 
when the composition of the target is totally 
unknown or when several different phases are to 
be analyzed with the same standard. In theory, 
the composition of any homogeneous microprobe 
standard can be calibrated to be that of a model 
standard by application of the backward~-ZAF-cal- 
culation procedure. This calibration can be 
easily performed in a user-designed spreadsheet 
on a personal computer. This method not only 
shortens the calculation time, it also makes 
routine calibrations of new standards possible. 
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TABLE 1.--Composition of K-411. Oxygen calcu- 
lated from stoichiometry. Total Fe as FeO in 
A; FeO/Fe,0; = 0.342 and MnO = 0.13 in B to E. 
Total normalized to 100 in C to E. A: NIST 
certified data. B: NIST certified data with 
modified Mn and O compositions. C: Composition 
calibrated by CAMECA PAP. D: Composition cal- 
ibrated by CAMECA ZAF. E: Composition cali- 


brated by DUST. 


Si Fe Mg Ca Mn oO Total 
8.85 11.06 - 42.37 98.86 
8.85 11.06 0.1@ 43.56 100.15 
8.90 11.11 610 43.46 100.00 
8.75 11.11 0.10 43.47 100.00 
8.80 11.12 0.10 43.45 100.00 
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QUANTITATIVE ELECTRON PROBE MICROANALYSIS OF Be IN Nb-Be ALLOYS 
USING AN o-FACTOR CORRECTION TECHNIQUE 


C. T. Burilla 


With the advent of multilayered dispersion ele- 
ments (MLDE) it is now possible routinely to 
detect beryllium with the electron microprobe.’ 
Because of the ultralight, nature of the Be 
X-ray emission, and the attending absorption 
problems that are characteristic of all light- 
element analyses by EPMA, it is prudent to ex- 
pect that the majority of the Be radiation ex- 
cited in Be-containing binary alloys will be 
Significantly absorbed by the companion element 
and never reach the detector. The end result 
will be very low count rates and corresponding- 
ly poor detection levels. When the binary com- 
panion element is much heavier than Be, this 
absorption problem can become so pronounced that 
the applicability of the electron probe method 
itself has to be questioned. 

The application of EPMA to the analysis of 
Be in Nb-Be binary alloys represents a unique 
case--one that involves a relatively uncommon 
occurrence in light-element analysis in a heavy- 
element matrix. In these alloys the Be x-ray 
yield is extraordinarily high and the count 
rates are substantial enough to allow Be to be 
easily detected, even in low concentrations. 
To take advantage of this phenomenon, a method 
that allows direct quantitative analysis of Be 
in Nb-Be binaries has been developed. Through 
the use of an empirical correction technique, ? 
in conjunction with the area-peak factor con- 
cept> and well-characterized Nb-Be standards, 
Be intensities can be accurately and efficient- 
ly converted into concentrations. The proce- 
dure is straightforward and permits the lightest 
element detectable with the electron microprobe 
to be quantified in moderately heavy Nb ma- 
trices. 


Method 


A series of Nb-Be binary alloys, consisting 
of Nb3Be2, NbBe,, NbBe3;, Nb2Be,7, and Be and Nb 
metal were examined with a Cameca MBX electron. 
microprobe. Both detector and column windows 
were fitted with stretched polypropylene. P-10 
gas was used in the detector. Various acceler- 
ation voltages, between 5 and 30 keV, and a 
beam current of 100 nA were used in the study. 
Beam current was maintained at 100 nA at each 
acceleration voltage via Cameca's feedback- 
regulation system and was measured by a Faraday 
cup. Beam current was reset to 100 nA each 
time the acceleration voltage was changed, 
since it was found that the regulation system, 
though maintaining a stable current at any one 
acceleration voltage, did not hold the current 
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to the preset value when the voltage was 
changed. A boron carbide/molybdenum MLDE 
(Ovonic Synthetic Materials) with a spacing of 
2d = 203.6 R was installed in an inclined spec- 
trometer on the MBX. The Be and Nb metal stan- 
dards as well as the analysis specimens were 
diamond polished in an environmentally con- 
tained rig (for safety and oxidation-preventive 
purposes) and inserted into the microprobe im- 
mediately afterwards. 


Beryllium Intensity Observattons 


One of the novel findings of this study was 
the substantial Be Ka x-ray yield in the mod- 
erately heavy Nb-rich matrices. When the ex- 
periment Be Ka k-ratios for the Nb-Be binaries 
are plotted as a function of weight fraction 
Be it is seen that the k/C ratio is greater 
than unity over the whole concentration lange 
for all acceleration voltages (Fig. 1). For 
acceleration voltages greater than 20 keV 
there is the strong suggestion that the maximum 
in the curve k = f(C) is above 1 for high Be 
concentrations (45-100 wt% Be}. This result 
suggests that either the mass absorption coef 
ficient of Be Ka radiation is lower in Nb than 
it is in Be itself, or that the combination of 
Z effects and absorption effects is responsible 
for this behavior. A similar phenomenon _was 
observed for boron ka radiation in LaBe .” Ev- 
idence reported in that work attributed the 
cause to the proximity of the La Nyy] absorp- 
tion edge to the B Ka line. It was proposed 
that the values for the mass absorption coeffi- 
cients of B Ka radiation in lanthanum and B Ka 
radiation in boron were 2500 and 3471 cm?/g, 
respectively (i.e., the mac of B Ka is lower in 
La than in B itself}. (A similar situation may 
also be present in the Nb-Be binaries, but we 
are unable to draw any conclusions at this 
time.) Other factors such as chemical bonding 
and crystallographic effects, as well as the 
surface physics of emission from the Be metal 
standard and the niobium beryllides, must be 
investigated more fully before the enhancement 
origin can be understood. Nonetheless, the 
fortuitousness of the situation allows for very 
favorable Be Ka peak intensities and P/B ra- 
tios to be obtained from Nb-Be binary alloys. 
Table 1 shows these values as obtained with 
the B,C/Mo MLDE. 


Experimental 


Wavelength scans obtained at an acceleration 
voltage of 10 keV for Be and the Nb-Be binaries 
are shown in Fig. 2. There is a measurable 
wavelength shift between each of the alloys and 
the Be metal, with the peaks shifting toward 
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TABLE 1.--Beryllium Ka peak intensities and P/B ratios obtained with a boron FIG. 2.--Area-peak 

carbide/molybdenum MLDE (beam current, 100 nA). factors for Be Ka 
radiation in the 
niobium beryllides 
relative to a Be 
metal standard. 
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FIG. 1.--Curves of k = f(C) for four niobium beryllides obtained at several acceleration volt- 
ages. Standard is pure Be metal. 

FIG. 2.--Wavelength scans of Be metal and Nb-Be binaries at 10 keV. 

FIG. 3.--Decrease in Be intensity from pure Be metal as a function of electron beam inpingement 
time: 10 keV, 100 nA, focused beam (spot mode). Boron metal shown under identical conditions 
for comparison purposes. 

FIG. 4.--Comparison of "Cameca-PAP"' predicted k-ratios with measured k-ratios for 10 and 20 keV 
acceleration voltages. 

FIG. 5.--Relationship between C/k and C at several acceleration voltages. Linear relation is ap- 
parent at approximately 8 keV. 

FIG. 6.--Occurrence of linearity between k/C and k at acceleration voltage identical to the one 
where linearity develops between C/k and C in Fig. 5. 
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FIG. 7.--Be k-ratio as a function of accelerat- 
ing voltage. Trend is clearly toward conflu- 
ence of k C as Eo approaches E,.. 


higher wavelengths at decreasing Be concentra- 
tion. Similar scans at the other acceleration 
voltages produced analogous shifts. Aside from 
this peak shifting, each of the Be peaks shows 
very similar peak shapes, including a skewing 
on the high wavelength side. 

In x-ray microanalysis it is customary to 
calculate k-ratios by ratioing the background- 
corrected peak intensity of the unknown to that 
of a standard. This method is valid only when 
the areas under the peaks are proportional to 
the peak heights, as is usually the case. How- 
ever, when dealing with light elements, the 
proportionality between area and peak height is 
often disturbed because excitation of the 
light-~element K radiation takes place through 
transitions of electrons involved in the chemi- 
cal bond. This phenomenon results in apprec- 
iable peak shifting and significant peak shape 
alterations, °*~° and one must resort to measur- 
ing peak areas rather than peak heights in order 
to establish an accurate k-ratio. Because of 
the peak shifting and peak asymmetry observed 
in the Nb-Be system (Fig. 2) it is to be ex- 
pected that the Be K peak heights will not be 
precisely proportional to peak areas. To de- 
termine whether this is the case, the concept 
of area-peak factor (APF)*~° was employed. The 
APF is defined as the ratio between the correct 
area (integral) k-ratio and the peak k-ratio. 

The APFs (relative to Be metal) for each of 
the Nb-Be binaries were measured between 5 and 
30 keV. The measurement of peak areas involved 
scanning the spectrometer through the region of 
interest and recording the intensities in a data 
file. The actual range covered was from 104.0 
to 133.0 A, with a step size corresponding to 
0.040 A. In each interval the intensity was 
measured for 1000 ms. After the scan was com- 
pleted the data were dumped to a hard disk and 
then transferred for later processing to a mi- 
crocomputer, where the background-subtracted in- 
tegral and peak k-ratios were extracted and the 
corresponding APFs were obtained. 

The resulting APF values were found to be es- 
sentially independent of acceleration voltage. 
This APF independence on acceleration voltage 
was reported earlier for C and B binary com- 
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FIG. 8.--Linear relation betwea a-ractor and 
Be concentration at the same unique accelera- 
tion voltage found in Figs. 5 and 6. 


pounds.” Table 2 shows the APFs obtained for 
each Nb-Be binary. Because of the APF devia- 
tions from unity, errors are introduced if the 
concentration is calculated from peak k-ratios, 
especially for lower Be compositions. There- 
fore, in order to acquire accurate k-ratio mea- 
surements, the APFs obtained in Table 2 were 
applied to all measured Be peak k-ratios. 

When dealing with light-element (and espe- 
cially with ultralight element) analysis by 
electron-beam methods, one must be concerned 
with the potential of surface contamination 
attenuating the emitted signal. In the micro- 
probe, with its relatively poor vacuum and as- 
sociated oil pumping system, the specimen is 
gradually covered with a contamination layer 
of organic matter in the vicinity of the elec- 
tron bombarded layer.® Under other than long- 
wavelength situations this effect is not very 
troublesome, since the emitted x rays are not 
signficantly absorbed by the deposit. Beryl- 
lium, the lightest element detectable with the 
electron microprobe, was expected to exhibit 
substantial attenuation of its x-ray emission 
due to this undesirable contamination layer. 

In an effort to determine the magnitude of 

this potential problem, a highly polished spec- 
imen of pure Be metal was introduced into the 
microprobe within minutes after the polishing 
operation. The specimen was bombarded with 
10keV electrons and the emerging Be Ka intensi- 
ty was measured as a function of electron beam 
impingement time. The beam current was set at 
100 nA and the electron beam was focused as 
finely as possible (spot mode). A specimen of 
pure B metal was bombarded under identical con- 
ditions for comparison purposes. Figure 3 
shows the relative attenuation of the Be Ka and 
B Ka x rays over a period of 10 min. It is ob- 
vious that the analyst must consider this con- 
tamination-induced attentuation as a source of 
error in any light-element analysis procedure. 
The simplest way to avoid significant errors in 
long-wavelength intensity determinations is to 
keep dwell time to a minimum. This approach is 
often not feasible if the counting rates are 
low due to either low concentrations or low 
x-ray yields (counting statistics considera- 
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tions) or when one is attempting to determine 
wccurate peak shapes and shift observations 
(Vig. 2) that by definition involve longer 
dwell times. In these situations the slope of 
the intensity decrease vs impingement time 
function (Fig. 3) can be applied to correct the 
measured intensities for dwell time aberrations 
in a straightforward fashion. In the present 
Situation this correction can be avoided in Be 
peak k-ratio determinations since, once the 
APFs are obtained, the dwell times can be kept 
relatively short and a statistically sufficient 
number of Be counts can be acquired on the peak 
in under 50 s. Under these conditions electron- 
beam-induced contamination attenuations do not 
add significant error (less than a 0.2% rela- 
tive reduction in Be Ka counts in 50s). For 

a 50s counting time more than 47 000 counts 
were accumulated in the worst case (the NBoBe3 
6.1 wt% binary at 30 keV). Since the standard 
deviation for x-ray counting purposes is de- 
fined by the square root of the mean number of 
counts (o = N*/*) and the variation in percent 
of total counts by (o/N)100, the variation cal- 
culated for the 6.1 wt% alloy is less than 0.5%. 


Application of the Empirteal Correction Method 


Because of many factors, including the un- 
certainty of the mass absorption coefficients 
and the huge overvoltages, traditional correc- 
tion procedures such as ZAF can be expected to 
fail. Also, the recently developed PAP cor- 
rection program (CAMECA-PAP version),? shown to 
be suitable for other light-element analyses, 
was unsuccessful when applied to the determina- 
tion of Be and Nb matrices (Fig. 4). In order 
to quantify Be in Nb-Be binary alloys, an 
a-factor technique has been employed to correct 
the Be intensities successfully. It has been 
shown previously that empirical a-factors can 
be used to correct electron-probe analyses in 
binary metal alloys.? This correction is based 
on the assumption that there is a hyperbolic 
relationship between concentration and intensi- 
ty such that 


A A 
= 


A A A 
. ap/k AB AB 


a (1) 


where on is the concentration of A in the bi- 
nary, kAap is the ratio of the background-sub- 
tracted x-ray intensity of A in the binary rel- 
ative to the standard, and gp is the a-factor. 
When this relation exists a plot of C/k vs C 
yields a straight line whose y-intercept is the 
a-factor. Parenthetically, when a series of 
alloys is examined, a plot of k/C vs k must 
also result in a straight line.*° If both of 
these factors do not occur simultaneously then 
a hyperbolic relationship between concentration 
and intensity does not exist. In Fig. 5 a plot 
of C/k vs C for the Nb-Be alloys clearly shows 
that a linear relation exists near an accelera- 
tion voltage of 8 keV. However, it is obvious 
that this is not the case at any other voltage. 
As stated, it is also necessary for the k/C = 
f(k) function to result in a straight line if a 
hyperbolic relation exists. Figure 6 shows 
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that this is also true for the acceleration 
voltage identical to the one that exhibits 
linearity in Fig. 5. The curves in Figs. 5 
and 6 were calculated from second-order poly- 
nomial fits of the data points. 

When one examines the k-ratio vs concentra- 
tion curves (Fig. 1), it is apparent that they 
become more and more linear as Eo decreases. 
In fact as Eg decreases the value of the Be 
k-ratio approaches the actual Be concentra- 
tion. Figure 7 graphically depicts this obser- 
servation. Here it is evident that as Eo de- 
creases the Be k-ratio for each binary gets 
closer and closer to the binaries' respective 
concentration. In the vicinity of Eo = E, 
(0.117 keV) the curves for each of the bina- 
ries, which have been generated by a polynom- 
ial fit of the data points, intersect the k- 
ratio axis close to the position where the k- 
ratio equals the concentration. Because of 
the absence of data in the region Eg < Ey < 5 
keV it is not possible to ascertain this in- 
tersection with high reliability. However, 
based on these results it is evident that the 
data are consistent and the convergence of 
k-ratios with concentration in the region Ey = 
E, addes credence to this fact. 

The relationship between a-factors and Be 
concentration is shown in Fig. 8. Here it is 
obvious that the a-factors depend functionally 
on concentration for all of the acceleration 
voltages considered but that they are consis- 
tent and independent of concentration only for 
an acceleration voltage near 8 keV, where the 
hyperbolic requirements stated above were ful- 
filled. Therefore, by choosing an accelera- 
tion voltage around 8 keV, where all of the 
criteria for hyperbolicity are satisfied, one 
should be able to use the well-known a-factor 
technique for converting the Be intensities 
obtained from Nb-Be binaries into concentra- 
tions. By deploying the a-factor thus obtained 
one can solve Eq. (1) for C after acquiring 
the Be k-ratio for the Nb-Be unknown. 


Conelustons 


A boron carbide/molybdenum MLDE can be used 
in an electron microprobe to quantify beryl- 
lium in niobium matrices accurately. Due to 
the high apparent Be Ka x-ray yield in Nb, it 
is obvious that either the mass absorption co- 
efficient for Be Ka x-rays in Nb matrices is 
fairly low (possibly lower than the mac of Be 
Ka x-rays in Be itself), or that a combination 
of Z effects and absorption effects is respon- 
sible for the behavior. Also, since the ex- 
citation of the ultralight Be Ka radiation 
takes place through the transitions of the 
very electrons involved in chemical bonding, 
chemical effects must be considered in any 
plausible enhancement explanation. Regardless 
of the source of this enhancement, it has been 
shown that statistically acceptable k-ratio 
can be obtained in relatively short counting 
times. Since the Be Ka line is subject to 
peak-shift and peak-shape alterations, it is 
imperative that integral k-ratios be used in 


ali calculations. Peak k-ratios can be substi- 
tuted for integral k-ratios once the area-peak 
factors are calculated for the niobium beryl- 
lide being measured. A quantitative a-factor 
correction technique was successfully applied 
to the Be-Nb system. This technique produced 
favorable results that were not obtainable by 
other matrix correction schemes. The proce- 
dure, although it requires several well-charac- 
terized binary standards, is relatively easy to 
apply. Since the method relies only on the ex- 
perimetnally determined k-ratios and does not 
require any theoretical correction scheme, the 
errors usually associated with such corrections 
are conspicuously absent. 

By applying the a-factor method and choosing 

an operating voltage close to 8 keV, one can 
take advantage of the linearities of the system 
and the only measurements necessary to charac- 
terize the beryllides are those involving the 
determination of peak and background intensi- 
ties on pure Be metal and on the unknowns. 
This procedure permits the straightforward, di- 
rect quantitative determination of the lightest 
element detectable with the electron microprobe 
in moderately heavy Nb matrices. 
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TS THERE A "UNIVERSAL" MAC EQUATION? 


Ry. Es Ogilvie 


The search for an empirical attentuation equa- 
tion begins with the work of Siegbahn’ in 1914, 
At that time Siegbahn showed that the value of 
u/o for a given element could be expressed as 
a function of the wavelength A of the x-ray 
photon by 


(u/o) = Car” 


where C is a constant for a given material, 
which will have sudden jumps in value at criti- 
cal absorption limits. Siegbahn found that n 
varied from 2.66 to 2.71 for various solids, 
and from 2.66 to 2.94 for various gases. 

Bragg and Pierce,? at this same time period, 
showed that their results on materials ranging 
from A1(13)} to Au(79} could be represented by 


g ky 2s 
MF CZ" (2) 


(1) 


where ug is the atomic attenuation coefficient 
and Z the atomic number. Today Eq. (2) is 
known as the "Bragg-Pierce" law. The value of 
the exponent, 5/2, was questioned by many in- 
vestigators, who felt that n should be clsoer 
to 3. The work of Wingardh? showed that the 
exponent of Z should also be much lower, p = 
2.95; however, this value is much lower than 
that found by most investigators. 

One of the most extensive studies on absorp- 
tion was carried out by Jtnsson,* in his thesis 
at Uppsala. He tabulated almost 600 measured 
attenuation coefficients. However, the most 
interesting part of his thesis is the "Univer- 
sal" absorption curve. Jtnsson introduces a 
new true absorption coefficient, which may be 
called the electronic true absorption coeffi- 
cient T,: 


(t/p )A/NZ (3) 


tae t,/2 = 
where A is the atomic weight, N is Avogadro's 
number, and t/o is the normal true absorption 
coefficient. Jtnsson proposed that Te is a 
function of ZA only. The log(teN) was plotted 
against log(Z\). 


n+l.n 


a oy maaan aa 9 (4) 


where n decreases as ZA increases. Equation 
(4) has not proved to be in agreement with most 
experimental data; however, it will be shown 
that t/p is the value that should be used in 
electron microanalysis. 

There is no question that the best analyti- 
cal fit to the experimental data of u/p as a 
function of Z and E has been developed by 
Heinrich:” 


t/p 


R. E. Ogilvie is at the MIT Department of 
Materials Science and Engineering, Cambridge, 
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u/o = CZ*(12398/E)" {1 - exp[(-E + b)/a]}/A (5) 


where E(ev) is the photon energy and C, n, a, 
and b are functions of Z. These functions are 
Ba.Z', b = Ub.2* 

a i 
The number of terms in the summation will vary, 
as indicated in his tables. It is unfortunate 


that p was assumed to be equal to 4, since a 
lot of data show that p is less than 4. 


Procedure 


It has been assumed that Heinrich's data 
are the best representation of the mass attenu- 
ation coefficients (MAC); with these data, the 
values of C, p, and n have been evaluated by 
the method of least squares for the following 
equation: 

= c7P n 

u/p = CZ*(12398/E) /A (6) 
The data used were for the energy range from 5 
to 20 keV and the atomic number varied from 20 
to 92, The atomic number was determined by the 
zone; that is, zone 1 through zone 5 is deter- 
mined by the following energy values: 


Boo sBK, iba <8 <= Bh Bho =. BS Blas 
EL3 < E < Ela, EMi < EB < EL 


The use of Eq. (6) assumes that, when 
log(MAC*A) is plotted versus the log(E) and 
log(Z), the resulting surface is a plane. 
Heinrich's data do not fall on a plane; however, 
it is very close. Such a plot is illustrated 
in Fig. 1 for the energy range of 1-20 keV and 
Z = 5-90. Since the Heinrich's data did not 
produce a plane, it was decided to fit a quad- 
ratic equation to his data of the form 


2. A2*X + AZ*Y? 4 AA*Y 4 AS*M? 


+ A6*M + A7 = 0 


where X = log(E), Y = log(Z), and M = 
log (MAC*A). 

The seven coefficients were evaluated by the 
method of least squares by Newton's method. 
The coefficients were then normalized by divi- 
sion through by A7. The solution for M is then 
done by the normal quadratic technique, which 
has two solutions, but it is easy to determine 
the correct one. 


A1*X 
(7) 


Results 


The coefficients evaluated for Eq. (6) are 
listed in Table 1. For zones 1, 2, and 5 the 
MACs were calculated and compared with those 
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Zone C P n 


o 


Zone -1L 3.2405E-2 3.6869 2.7502 
Zone-2 1.7365E-3 3.9590 2.6940 
Zone - 3 1.5494E-4 4.4710 2.8976 
Zone -4 8.14145 -3 3.4869 2.4710 
Zone -5 1.3411E-4 4.2155 2.6277 


o 
=) 


-1,0 


Percent Diff. 


calculated from Eq. (5). The percent differ- 
ence was calculated for the particular element 
for the energy range between edges, in steps from 
from 200 to 1000 eV. These results are illus- 
trated in Fig. 2. The use of Eq. (6) gives val- 
ues of MAC that are closer to Heinrich's values 
than those of many other tabulated sets of data. 
It is also my opinion that Heinrich's values 
are too low near edges. The same procedure was 
used for Eq. (7), and the seven coefficients 
are given in Table 2. The percent difference 
plotted versus Z for zones 1, 2, and 5 are 
shown in Fig. 3. A poositive difference is 
where Eqs. (6) or (7) give higher values than 
those obtained using Eq. (5). This is the case 
near edges, but if we consult the data of Del 
Grande and Oliver,’ we see that the values are 
indeed higher near the K-edges than those given 
by Eq. (5). For the energy range 5-20 keV, 
Eq. (7) gives excellent agreement for the five 
zones studied. 

It has been assumed that u/p is the value 


Percent Diff. 


Percent Diff. 


50 55 60 65 70 75 80 85 90 95 
Atomic Number 
FIG. 3.--Percent difference of Eqs. (7) and (5) 
for (a) Zone 1, (b) Zone 2, (c) Zone 5, as a 
function of Z. 
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TABLE 2.--Values of the coefficients used in Eq. (7). 


zone Al A2 A3 


Zone-1 2.0328E-2 9.7845E-1 1.6480E-2 
-1.4885E-2 
Zone-5 4.4408E-2 -6.5621E-1 -3.3778E-3 


Zone-2 5.9893E-2 -2.0840 


A4 AS A6 A7 


-9,2133E-1 -6.1938E-3 -2.0161E-1 1 
Le LI29 4.0993E-3 6.3174E-1 1 
1.8561E-1 4.0009E-4 5.6558E-2 1 


Surface 


dz ~~ 
Generated X rays 


FIG. 4.--Illustration of how scattered x rays 
from a cone, with semi-angle ¢, compensate for 
scattered x rays from direction of detector. 


that should be used in electron microanalysis; 
however, it can be shown that t/p is closer to 
the truth. The reason is that when a photon is 
emitted from the layer dz at a depth z at the 
take-off angle, there is a finite probability 
that it will be absorbed (t/p), or it may be 


scattered (coherent or incoherent) at some angle 
¢, but there is a cone of emitted radiation with 


a semiangle ¢ about the direction of the take- 
off angle. One of the photons in this cone has 
the same probability of being scattered in the 
direction of the take-off angle to the x-ray 
detector. This process is illustrated in Fig. 
4. If the direction to the detector is perpen- 
dicular to the surface of the specimen, the ra- 
tio of photons scattered from the cone to the 
detector to those scattered from the direction 
of the detector is greater than 1. In normal 
use the ratio is a little less than l. 


ConeLluston 


It is clear that Eqs. (6) and (7) must be 
evaluated with measured data from the litera- 
ture, and that the values near edges should be 
carefully examined. It is obvious that more 
work is necessary--new measurements of u/p and 
new analytical expressions. It is also impor- 
tant to evaluate the t/p values as tabulated 
by McMaster et al., which have been calculated 


from u/p data. I hope that Heinrich will con- 
tinue with this problem. 
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ELECTRON PROBE MICROANALYSIS OF BOROPHOSPHOSILICATE COATINGS 


Peter Willich and Kirsten Schiffmann 


It has been demonstrated that quantitative 
electron probe microanalysis (EPMA) of ultra- 
light elements (B, C, N, 0) is possible with 
surprisingly high accuracy.*~* This finding is 
a consequence of refined experimental proce- 
dures in combination with sufficiently accurate 
models of data reduction available at present. 
Quantitative EPMA applied to ultralight ele- 
ments opens a wide range of practical applica- 
tions, e.g., analysis of thin films deposited 
on a substrate where the film is composed of a 
metal in combination with one or several of the 
ultralight elements’ © In this context coat- 
ings of borophosphosilicate glass (BPSG) are 
discussed as an example of considerable tech- 
nological interest. The material is frequently 
applied to low-temperature planarization and 
passivation of integrated circuits. BPSG is 
prepared by chemical vapor deposition (CVD) and 
mainly consists of silicon and oxygen, but low- 
temperature flow properties depend on the rela- 
tively low concentrations (1-5 wt%) of boron 
and phosphorus. Some fundamental aspects of 
EPMA applied to ultralight elements can be dem- 
onstrated by the example of BPSG, including an 
estimate of the analytical accuracy for the de- 
termination of boron in comparison with the re- 
sults of chemical analysis. Moreover, EPMA is 
used to control the film thickness (0.3-1.5 um) 
of BPSG deposited on silicon. Determination of 
the film thickness is based on thin-film data 
processing,’ without the need for thin-film 
standards. 


Expertmentatl 


EPMA was carried out by a CAMECA SX50 micro- 
probe based on wavelength-dispersive spectrome- 
try. Synthetic multilayer monochromators of 
Ni-C (2d = 9.50 nm) and W-Si (2d = 6.05 nm) were 
used to measure the intensities of B Ka and 
0 Ka. This procedure results in x-ray intensi- 
ties of boron and oxygen that are about 4 times 
higher than with a conventional monochromator of 
Pb-stearate. Calibration was performed by 
standards of pure boron (B Ka), FeBO;(B Ka), 
CasF(PO4,)3 (P Ka}, and MgoSi0,(Si Ka, O Ka). 

A set of BPSG test samples was available 

for which the concentrations of boron and phos- 
phorus were defined by inductively coupled plas- 
ma-optical emission spectrometry (ICP-OES), a 
destructive method based on dissolving the film 
material in a mixture of H,0/HF. Ellipsometry 


The authors are at Philips Research Labora- 
tories Hamburg, P. 0. Box 54 08 40, Hamburg, 
Federal Republic of Germany. Samples of BPSG 
were kindly provided by J. J. M. Borstrok, 
Philips Research Laboratories Eindhoven, The 
Netherlands. 


was used to determine the film thickness. For 
EPMA, standards (besides pure boron) and sam- 
ples were coated with carbon film 10-40 nm 
thick. For all points of analysis the intensi- 
ty of C Ka (monochromator of Pb-stearate) was 
simultaneously recorded as a measure of the 
local carbon-coating thickness. Relative in- 
tensities (k-ratios) of C Ka were obtained by 
use of vitreous carbon as a standard. 


Results and Dtscusston 


Coating with carbon is essential to the per- 
formance of reproducible measurements on insu- 
lating BPSG and the corresponding oxide stan- 
dards. A comparison of the C Ka intensities 
shows significant differences between the car- 
bon-coating thickness on standards and samples 
and even within a set of samples that was 
coated simultaneously. Analytical errors up to 
10% can be due to the influence of carbon coat- 
ing. This estimation takes into account that 
EPMA has to be performed by use of soft x rays 
in combination with low electron energies 
(Ey = 4-10 keV) to enabie "bulk'' analysis of 
BPSG coatings only 0.3-1.5 um thick. After 
the x ray intensities of a coated BPSG sample 
and the corresponding k-ratio of carbon origi- 
nating from the coating have been determined, 
correction functions (as given in Fig. 1) can 
be used to derive the intensities of the BPSG 
elements representing the sample without coat- 
ing. Correction functions for BPSG (Fig. 1) 
and the composition of the standards were cal- 
culated by the thin-film model of Pouchou and 
Pichoir (PAP).’ This model enables one to de- 
scribe the relation between the thickness of a 
surface coating (represented by its k-ratio) 
and the k-ratios of the underlying material. 
The accuracy of the calculations was tested by 
measurements at various thicknesses of the sur- 
face coating.® It can be shown that even an 
identical carbon coating of, for example, 20 nm 
on BPSG and FeBO, (standard) leads to a k-ratio 
of boron that is about 6% too high in compari- 
son with the k-ratio expected for measurements 
on corresponding uncoated materials. 

A further refinement of the k-ratios con- 
cerns the influence of peak shift and peak 
shape alterations. These effects are clearly 
visible when spectra of B Kx on BPSG, boron, 
and FeBO; are recorded (Fig. 2). A comparison 
of peak area (Fig. 2) and peak height k~ratios 
leads .to area/peak factors’** of 1.43 (BPSG 
relative to boron) and 1.28 (BPSG relative to 
FeBO;,). For the BPSG samples studied so far 
the area/peak factors proved to be independent 
of the individual composition. This result 
makes it possible to perform routine analysis 
of BPSG based on conventional peak height 
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FIG, 1.--Calculated correction functions (PAP 
thin-film model) to derive x-ray intensities 
representing uncoated BPSG from EPMA of carbon- 
coated material. Eo = 6 keV. 
FIG. 2.--B Ka spectra and conditions of peak 
area intensity measurements. Peak maximum in- 
tensity of B Ka on boron is 24 000 cps (6 keV, 
100 nA) by use of Ni-C multilayer monochromator. 
FIG. 3.--Calibration curves calculated by PAP 
thin film model to determine film thickness of 
BPSG on silicon substrate by use of P K inten- 
sity. Curves refer to BPSG containing 2 wt% of 
phosphorus. Standard for P Ka is CasF(POs)3. 
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k-ratios, the multiplication of which by the 
area/peak factor gives the corresponding val- 
ues of peak area k-ratios. Also, a small ef- 
fect of peak broadening on BPSG relative to 
Mg»SiO, (standard) is visible for O-Ka. In 


this case the k-ratios (peak height) must be 
multiplied by an area/peak factor of 1.06. 

After the k-ratios were refined with re- 
spect to carbon coating and chemical shift of 
B Ka and O Ka, the concentrations were calcu- 
lated by the PAP model, a model which proved 
to be sufficiently accurate when applied to 
the analysis of boron in various borides.?° 
Absorption correction for boron in BPSG is ex- 
treme due to the very high mass absorption co- 
efficient of 84 000 for B Ka in silicon.” *° 
Table 1 demonstrates the consistency of EPMA 
performed at various electron energies and cal- 
ibration of boron by various materials. The 
concentrations of boron established by use of 
the metal as a standard are slightly (0.1-0.2 
wt%) lower than the results based on FeBO;. 
The concentrations of oxygen agree within 2% 
rel. to the results calculated by assuming the 
formation of the nominal oxides (B203, SiQ2, 
P203/P20s). In general the concentrations of 
EPMA are in good agreement in comparison with 
those obtained by chemical analysis based on 
ICP-OES (Table 2). Sample 1 of Table 2 shows 
a relatively large deviation due to the fact 
that 0.1 wt% of boron is close to the detecta- 
bility limit of EPMA for boron in BPSG. The 
average relative deviation between EPMA and 
chemical analysis is 3.6% for boron and 1.4% 
for phosphorus. On this level of accuracy it 
is difficult to decide whether the deviations 
are a problem of EPMA or caused by analytical 
errors of the reference method. 

EPMA of BPSG coatings performed at suffi- 
ciently high electron energies (Eo > 15 keV) 
represents the situation of "thin-film" analy- 
sis where the film thickness (0.3-1.5 um) is 
only a fraction of the x-ray emission depth. 
In this case the x-ray intensities of a BPSG 
sample depend on the composition as well as on 
the film (mass) thickness. The soft x rays of 
oxygen and particularly of boron, as a conse- 
quence of the high mass absorption, always 
originate from a depth very close to the sur- 
face and a practically useful sensitivity to 
the film thickness is limited to very thin 
coatings. The measurement of the P Ka inten- 
sity proved to be the most sensitive way to de- 
termine the thickness of BPSG deposited on sil- 
icon. In Fig. 3 the intensity of P Ka relative 
to CasF(PO4}3 is plotted as a function of the 
BPSG film thickness. Calibration functions as 
given in Fig. 3 can be calculated by the PAP 
thin-film model,’ provided that the concentra- 
tion of phosphorus in the film is known from 
"bulk" analysis carried out at a sufficiently 
low electron energy. The computation of cali- 
bration curves for each individual phosphorus 
concentration is avoided when the k-ratios of 
phosphorus are normalized to an average concen- 
tration of, say, 2 wt%, assuming a linear rela- 
tionship between concentration and intensity 
over the narrow range (1-4 wt%) of typical 
phosphorus concentrations. On the average the 
film thicknesses determined by EPMA are about 
5% too high in comparison with the results of 
ellipsometry (Table 2). Thin film EPMA is re- 
lated to the mass thickness and conversion to 
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TABLE 1.--EPMA of BPSG sample at various electron energies Eo. PAP matrix correction based on 
k-ratios corrected for carbon coating and chemical shift (B Ka, O Ka). Result of ICP-OES chemi- 
cal analysis: 3.5 wt% B, 2.2 wt% P. 


4Peak area measurements 


TABLE 2.--EPMA of BPSG samples in comparison with results of ICP-OES (composition) and ellipsom- 


etry (film thickness). 
Composition [wt%] 
Boron Phosphorus 
ICP-OES | EPMA } ICP-OES EPMA 


Film Thickness [nm] 


Sample 


Ellipsometry 


ay =6 keV. EQ =20keV(P-Ka). Standard B-metal. Standard CasF(PO4)3 


the geometrical film thickness as given in the determination of boron confirms that quan- 
Table 2 was done by assuming a global value of titative EPMA of ultralight elements is feas- 
2.2 g/ccm for the density of BPSG. An accuracy ible, aithough BPSG represents an extremely 

for the determination of the BPSG film thickness difficult example owing to the problems arising 
of the order of 5% is acceptable throughout in from low concentrations, conductive coating, 
view of possible density fluctuations. More- chemical shift, and extremely high absorption 
over, EPMA and ellipsometry were carried out on correction. 

different parts of a large wafer and local vari- 

ations of the film thickness cannot be excluded. References 
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QUANTITATIVE ED ANALYSIS AT HIGH COUNT RATES 


Se da Be 


For quantitative energy-dispersive analysis a 
spectrum accumulation rate of 3-5 kHz is com- 
monly used, with a live time of around 100 s. 
There are significant advantages, however, in 
using the higher acquisition rates that are pos- 
sible with current ED systems. One benefit is 
a reduction in the time required per analysis, 
with a consequent enhancement in productivity. 
Alternatively,more counts canbe accumulated in 
a given time, thereby increasing the precision 
of the results and lowering the detection lim- 
its. Furthermore, for combined ED and WD anal- 
ysis, relatively high beam currents are often 
used and flexibility as to the ED count rate is 
useful. It is therefore of interest to inves- 
tigate the extent to which high acquisition 
rates (10 kHz and above) can be used for quan-~ 
titative analysis without compromising the 
quality of the results. Factors that have to 
be considered include the effect of the broad- 
ening of the peaks under these conditions, as 
well as dead time and pulse pile-up. The pres- 
ent study refers to a particular system (Link 
detector, with XP2 pulse processor). Other 
types of system may, of course, differ in their 
performance at high count rates, but the same 
criteria are applicable. Test results at acqui- 
sition rates up to 30 kHz are reported here. 


Desertptton of the System 


The ED system was manufactured by Link Ana- 
lytical Ltd. The detector (type 5812) has a 
nominal area of 10mm? and is fitted with a Be 
window of 8 um stated thickness. The specified 
energy resolution is 138 eV for Mn Ka (at a 
count-rate of vl kHz). The detector is fitted 
to a Cameca SX50 electron microprobe, with a 
detector-specimen distance of about 60 mm. 
pulse processor is of the type described by 
Kandiah et al.,? which differs from most others 
in using time-variant pulse-shaping parameters 
and having a strobed noise peak that appears 
in the spectrum at zero energy. There is a 
choice of 6 "process times," equivalent to the 
time constants in a conventional system, of 
which No. 1 is the shortest. The p.t. can be 
changed rapidly via the keyboard; the required 
adjustment to the calibration of the spectrum 
is carried out automatically. 

The ''ZAF4" quantitative analysis software 
provided with this system utilizes the well- 
known "top hat'' filter function to remove back- 
ground and least-squares fitting of stored ele- 
mental peak profiles to determine peak areas.” 
All spectra (including stored profiles) are ad- 
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justed to a constant energy resolution in or- 
der to eliminate the effects of differences in 
peak widths in different spectra. It 1s as- 
sumed that such differences are caused exclu- 
sively by changes in the contribution of noise 
to the total peak width. Each recorded spec- 
trum is modified to make the noise peak width 
equal to a predetermined value, known as the 
"system resolution," which is slightly greater 
than the maximum noise peak width observed for 
the process time in use. All peak intensities 
are normalized relative to the spectrum of a 
calibration element (usually Co), allowing 
freedom in the choice of beam current, pro- 
vided the same current is used for specimens 
and standards. 


Performance of the System at High Count Rates 


The rate at which pulses can be recorded 
(the "acquisition rate,"* which also equals the 
output rate of the pulse processor) is a func- 
tion of the dead time of the system, defined 
as the time taken to complete the processing of 
each pulse. This is related to, though not 
numericaily the same as, the process time 
(which refers to only one part of the process- 
ing operation). Figure 1 shows the relation- 
ship between input and output (or acquisition) 
rates for different process times. The ob- 
served behavior is typical of a system with 
extendable dead time, in that the output rate 
increases with input rate at first, levels 
off, and then decreases at very high input 
rates. A maximum output rate of 32 kHz is ob- 
tained with p.t. 1, the dead time per pulse 
being 12 us. For other p.t.s of interest the 
corresponding figures are: p.t. 2, 20 kHz, 20 
us; p.t. 3, 12 kHz, 32 us. The ''S dead time" 
as displayed on the screen (the fraction of 
"real'' time for which the system is ''dead'') is 
about 65% at the maximum of the output rate 
curve. 

The high acquisitionrate obtainable with 
short process times is gained at the expense of 
broadening of the noise peak (Fig. 2). The 
energy resolution is thus worsened, though for 
x-ray peaks the effect is somewhat smaller be- 
cause the contribution of ionization statis- 
tics is independent of the process time. 

An important characteristic of the pulse 
processor is the variation in energy resolu- 
tion with count rate. As shown in Fig. 2, this 
variation is small: for all p.t.s except 1 the 
change in noise peak width is about 1.5 eV for 
a range of count rates corresponding to 15-50% 
dead time. For p.t. 1 the broadening is worse: 
3.8 eV for the same range. The Fano factor as 
calculated from the Co Ka peak width is con- 
stant at 0.120 except in the case of p.t.1, 
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for which it is both larger and somewhat depen- 
dent on count rate (owing to nonideal behavior 
of the system). 

Pulse pile-up at high count rates causes 
pulses to be lost from peaks and spurious sum 
peaks to appear in the spectrum; both phenomena 
are liable to create problems in quantitative 
analysis at high count rates unless appropriate 
countermeasures are applied. Sum peaks 
can be minimized by pile-up rejection circuitry 
in the pulse processor. In the present system 
the arrival of incoming pulses is detected by 
two fast “recognition channels" (optimized for 
various parts of the energy spectrum). Pulse 
processing is aborted when the arrival of a 
pulse within the process time of the previous 
one is recognized. This procedure greatly re- 
duces the size of the sum peaks, but owing to 
the finite resolving time of the recognition 
system they are not totally eliminated. Mea- 
surements of sum/parent peak ratios were car- 
ried out and the inferred resolving times were 
0.28 and 0.39 us for Mg and Co Ka, respectively. 
(The difference is presumably related to the 
smaller height of the Mg Ka peak relative to 
the threshold of the recognition channel dis- 
criminator.) The resolving time is independent 
of the process time. 

The loss of pulses caused by pile-up rejec- 
tion is compensated electronically by extension 
of the live time. However, when a second pulse 
arrives within a time interval smaller than 
the resolving time and is therefore unrecog- 
nized, the combined pulse, though not rejected, 
appears in the "wrong" place in the spectrum 
and is thus lost from the peak. This effect 
was investigated by determining the Co Ka peak 
area for a range of beam currents and plotting 
(peak area)/(current) vs input count rate. The 
value obtained for the resolving time was 0.4 
us, Similar to that deduced from the size of 
the sum peaks. 


Operating at High % Dead Time 


A modest increase in throughput rate can be 
achieved by extension of the working range be- 
yond the upper limit of 50% dead time recom- 
mended by the manufacturers. There is even 
some benefit in exceeding 65% (at which through- 
put is at its maximum) for samples that give 
higher than average count rates, in order to 
maximize the mean acquisitionrate for a set of 
samples of varying composition. Table 1 shows 
the results of olivine analyses carried out at 
different count rates, with up to 85% dead time 
(up to 94% for the Co standard). Operating 
with such high dead time has very little ill ef- 
fect: the concentrations obtained decrease 
slightly at the highest count rates, but only 
by about 1% (relative). An upper limit of 50% 
therefore appears to be an unnecessary restric- 
tion. 


The Effect of Broader Peaks 


The broadening of peaks for short process 
times (see above) might be expected to have an 
adverse effect on the accuracy of quantitative 


analysis. However, the peaks of Na, Mg, Al, 
and Si are still quite well resolved with 

p.t. 2, or even 1. Results of olivine analy- 
ses uSing process times 2 and 5 (Table 2) are 
not significantly different, even though the 
noise peak is 42 eV wider in the former case, 
The lack of spurious Al concentrations, despite 
the close proximity of large Mg and Si peaks, 
shows that the spectrum fitting process is ef- 
fective even for the broader peaks obtained 
with p.t.2. 


Count-rate Dependent Broadening 


The count rates for different specimens and 
standards vary considerably: a range of at 
least 2:1 is typical. The spectrum processing 
procedure is quite sensitive to differences in 
peak width, hence count-rate dependent broad- 
ening is a potential source of error in quanti- 
tative analysis. (Note, though, that with the 
present system such broadening is no worse for 
short process times, except p.t.1.) The pro- 
cedure used in ZAF4, whereby all spectra are 
modified to give a constant noise peak width, 
depends on determining the width W of the noise 
peak in each recorded spectrum. The theoreti- 
cal standard deviation of W is given by o = 
(0.866/N2)W, where N is the total number of 
counts in the peak.* For short counting times 
the broadening correction may be ineffective 
because the statistical error in W is larger 
than the original variations. In order to im- 
prove the statistical precision, the noise 
strobe rate was raised from 0.6 to 2.5 kHz. 
However, the broadening correction is still of 
marginal value for short counting times, given 
the small amount of variation in peak widths 
encountered in practice. 


The Use of Variable Beam Current 


A possible strategy for avoiding count-rate 
dependent effects is to keep the count rate 
constant by varying the beam current for dif- 
ferent samples and standards. With the present 
system there is little to be gained by adopting 
this strategy other than possibly with p.t.1, 
which is less well behaved than the longer 
p.t.S. However, the time taken to change the 
current must be taken into account when the 
usefulness of this procedure is assessed. 


Sum Peak Interferences 


The size of a sum peak relative to the par- 
ent peak (or peaks) is a linear function of the 
input count rate and such peaks are thus more 
important at high count rates than at ''normal" 
rates. (Note that in this context it is the 
count rate of the parent peak or peaks that is 
important, rather than the total spectrum 
count rate.) Possible interferences between 
sum peaks and Ka lines are listed in Table 3. 
Figure 3 shows exaggerated sum peaks recorded 
at a very high input count rate. 

This problem can be solved by treating the 
sum peak as if it were a "“real'' peak. A pro- 
file of the peak obtained from a spectrum such 
as that in Fig. 3 can be "stripped" in the 
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TABLE 1.--Analyses of olivine at various count rates (process time 3). 


olivine 


dead 
time 


(%) 


input 
count rate 
(kHz) 


input 


(kHz) 


cobalt 


count rate 


dead 
time 


(%) 


concentrations (wt%) 


Mg Si Fe 


Note: 


Al was included in the analysis (though not present): 


the 


amount recorded was below the detection limit (0.05%) in all 


cases. 


TABLE 2.--Analyses of olivine with different process times (5 nA 
beam current, 1 mm detector aperture, 2 kHz input count rate, 


200 s live time). 


system 
res. 


TABLE 3.--Sum peak interferences 


Ka sum 


energy 
peak peak diff. (eV) 
V MgCa 6 
Cx SiCa 18 
TL. Mgk 57 
K AlSi 87 
Ni CaCa 91 


usual way, which removes its influence on the 
overlapped elemental peak. An example of the 
application of this technique is given in 

Table 4. Here the spurious Cr concentration in 
wollastonite (CaSi0,) caused by the SiCa sum 
peak is completely eliminated by stripping. 


Pile-up Losses 


A pulse is lost from a peak due to pile-up if 
it is preceded or followed by another pulse (of 
any size) within the resolving time of the pulse 
recognition circuits; hence the loss is a func- 
tion of the total spectrum count rate. For ex- 
ample, with the present system a loss of 7% oc- 
curs at an input rate of 86 kHz (corresponding 
to the maximum acquisitionrate for p.t. 1). The 
resolving time depends somewhat on energy, but 
for moderate corrections can be assumed to be 
the same for all peaks in the spectrum. An ex- 
ample of the application of the correction for 
pile-up loss is given in Table 5, 


Rapid Quantitative Analysis 


The analysis in Table 5 illustrates the use 
of a high acquisition rate to obtain a quantita- 


18.54 


TABLE 4.--Analysis of wollastonite: effect of 
SiCa sum peak (44 kHz input count rate, pro- 
cess time 2). 


concentrations (wt.%) 


sum peak 
stripping Ca Cr Fe 
24.07 34.27 0.48 0.256 
yes 24.05 34.30 n.d 0532 
(<0.07) 


TABLE 5.--Analysis of olivine at 30 kHz 
acquisition rate (process time 1, 25 nA beam 
current, 5 s live time). 


| concentrations (wt%) 


mean of 10 analyses 50:32 1973 8.26 
standard deviation Ou27 0.26 0.06 
corrected for pile-up 

losses 30.38 19215 7.90 
typical result at low 

count rate 30.10 18.80 7.80 


tive analysis in a short time (10 s "real" time 
in this case). The reproducibility of the ma- 
jor elements is around 1% relative (1 s.d.), 
which is satisfactory for most purposes. This 
result illustrates the possibility of obtaining 
large numbers of analyses (e.g., for "quanti- 
tative mapping') in a reasonable time. 
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Conelustons 


There are no insuperable objections to con- 
siderably higher acquisitionrates for quantita~- 
tive ED analysis than the typical rate of %5 
kHz commonly used, subject to adequate perfor- 
mance of the pulse processing electronics. 
Above 10 kHz it becomes desirable to introduce 
certain measures such as stripping sum peaks 
from the spectrum where interferences occur and 
correcting for the loss of counts from peaks 
caused by pulse pile-up. Increase in the 
acquisition rate enables the time per analysis 
to be reduced or better precision and lower de- 
tection limits to be obtained in a given time. 
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FIG. 1.--Output count rate as a function of input count rate for Link XP2 pulse processor, with 
yarious process times. 

FIG, 2.--Noise (FWHM of strobed noise peak) vs input count rate for various process times (Link 
XP2 pulse processor). 

FIG. 3.--Sum peaks in spectrum of wollastonite (CaSi0;) recorded at 150 kHz input count rate. 
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AN EMPIRICAL TEST OF A THIN FILM DATA REDUCTION SCHEME FOR THE ELECTRON MICROPROBE : 
BiSrCaCu OXIDE THIN FILMS ON Si AND MgO SUBSTRATES 


D. K. Ross, R. V. Heyman, and Don Elithon 


Electron microprobe analysis is a mature tech- 
nique for high-quality chemical analysis of 
solid materials. Accuracy and precision of 1% 
relative errors for major element components 
can be attained without great difficulty. One 
assumption on which this technique is based is 
that standards and samples are both of "“infi- 
nite" thickness. That is, that the excited 
volume (x-ray emitting region) is entirely con- 
tained within the material analyzed for both 
standard and unknown. This assumption of "in- 
finite" thickness is of course violated in the 
case of thin films. Attempts to analyze thin 
films must include equations for determining 
film thickness from observed x-ray production 
in order to permit quantitative solutions for 
film composition. Algorithms that solve for 
film thickness and composition, provide full 
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TABLE 1.--Conditions for analyses of thin films. 
are given in millimeters. 


matrix corrections, and include light elements 
such as oxygen have only recently become avail- 
able.? 

In this paper, we report our results of a 
test of a thin-film data reduction scheme by 
Waldo.+ We have analyzed several BiSrCaCuO 
thin films at 15 kV accelerating potential. 
Substrate penetration was minimal, and ZAF ma- 
trix corrections yielded analyses with sums of 
98 to 102%, indicating that these films can be 
treated effectively as bulk samples at 15 kV. 
The same films were re-analyzed using a beam 
energy of 30 kV. At this energy the substrate 
was strongly penetrated, based on high x-ray 
count rates for elements found only in the sub- 
strate and low totals for the film composition. 
This penetration permits comparison of results 
obtained with the film reduction scheme vs 
those obtained with ZAF and $¢{pz) matrix cor- 
rections. Such a comparison makes it possible 
to assess the quality of results of the film 
reduction scheme. Use of the I5kV analyses as 
the known compositions of the films is justi- 
fied because these analyses yielded good totals, 
low substrate count rates were observed, and 
6(oz) modeling of the depth of x-ray generation 


Peak positions and background offsets (Bkgd.) 


Peak position is the distance from the x-ray source to the analyzing 


crystal” and background offset is added or subtracted from this value. 


Analytical Conditions - 30 kV 


Element Line Order Crystal Peak Pos. Bkgd. Standard 

Bi La 1 LIF 73 49 +6/-5 BizaGeO29 

Sr Lo 1 PET 21999 +4/-6 SrTiOg 

Ca Koz 1 PET 107 63 +4/-4 CaMgSis0g 

Cu Ka 1 LIF 107 23 +6/-4 Cug9 

Pb Lox 1 LIF 8177 +5/-5 PbCrO4 

Oo Ka. 1 LDE1 110 34 +20/-10 CaMgSir0g 

Si Kez 1 TAP 77 28 +3/-2 CaMgSin0g 

Mg Ka 2 TAP 215 07 +4/-4 CaMgSio0¢g 
Analytical Conditions - 15 kV 

Bi Ma: 1 PET 164 21 14/-12 BiyoGeOag 

Sr Lo 1 PET 220 00 +4/4 SITiO3 

Ca Ka 1 PET 107 63 +4/-4 CaMgSio0g 

Cu Kor 1 LIF 107 44 +6/-4 Cus0 

Pb Maz 1 PET 169 59 +2/-2 PbCrO4 

fe) Kor 1 LDE1 110 30 +20/-10 CaMgSi20g 

Si Kar 1 TAP 77 38 4415/-15 CaMgSio0¢5 

Mg Ka 2 TAP 215 07 +3/-3 (Mg,Fe)oSiO4g 
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TABLE 2.--Compositions of thin films analyzed. 


For each sample 15kV composition (using the ZAF 


method and treating the film as a bulk sample) and 30kV composition (using the Waldo film rou- 


tine and $(pz) option B*) are given. 
of points analyzed for each sample. 

weight %. 
yses of each sample, 


Beam energy is given in kV. 
Thickness is given in microns. 
Standard deviations quoted were calculated based on the variability in replicate anal- 
not on single-measurement counting statistics alone, 


In column two, n is the number 
Compositions are reported in 


Sample beam |correction Cu Total {Thickness 
mee oe Calculated 


62989-1 


62989-2 


62989-3 


62989-4 


62989-5 


62989-7 


706Bd2 


Wt % Bi Sr Ca Cu Pb O 


z 
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ZAF 15 kV 
FIG. 1.--Thin film analysis results: 15kV anal- 


yses with ZAF matrix corrections (films treated 
as bulk samples} vs 30kV compositions with Wal- 
do film reduction using ¢{pz) option B®. Diag- 
onal line is one-to-one line, along which data 
should lie if perfect agreement between the two 
data sets were achieved. These data and stan- 
dard deviations for each element are shown in 
Table 2. 
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FIG. 2.--Same as Fig. 1 but with 15kV data us- 
ing ¢(9z) matrix corrections (again treating 
films as bulk samples) and 30kV data reduced 
with Waldo using $(oz) option D°. In this case 
both data sets have been reduced with identical 
methods for calculating depth of x-ray genera- 
tion. Agreement between the two data sets is 
slightly better than in Fig. 1. These data are 
shown in Table 3. 
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TABLE 3.--Compositions of films, 
different matrix correction methods. 
ples at 15 kV. 


based on the same set of observations as in Table 2, but with 
PRZ is the $(pz) method, again treating films He bulk sam- 
At 30 kV, the Waldo film routine was again used but with $(oz) option D° 


Sample | beam |correction Ca Total [Thickness 
[energy scheme |Calculated 
62989-1 15 PRZ 2956 | 2398 8.55 13.93 1.12 21.95 | 9909 
30 | Waldo DI 28.42 24.70 rane 36 14.04 1.58 23 95 | 10005 138 
62989-2 PRZ 29 39 23 96 —- 14.36 1.07 22 26 99.27 
Waldo D ee 38 24 a 7. os — 15 1.74 21.72 | Bid 03 117 
62989-3 PRZ — 14 saan 99 — 96 15. — 1.10 22.25 101.69 
| . | Waldo D]}| 3115 23.06 ee 14 ae 2.26 22 21 100.14 101 
62989-4 | 15 PRZ 31.71 21 31 — on 43 2.59 | 21 49 | 10110 
30 Waldo D | 3336 19 08 4 85 aoa 06 313 | 2153 | 10001 0 86 
62989-5 15 PRZ 3417 1819 —_ 26 — 63 2.51 20.92 | 10068 
Waldo D — 4 21 17.47 6 39 1577 3 05 2512 | 10001 068 
62989-7 15 32 — 17.42 9 44 15.63 2 87 20 33 98 67 | 
30 ae D meee 02 17.64 7 88 17.88 377 19 82 | 100 01 Q65 
706Bd2 15 49 = 16.44 5 06 13.59 0 40 16.01 1 401 09 | 
30 ni Di 4852 16 41 5 80 14.30 0.30 1469 {| 10002 | 105 


in these films at 15 kV indicates that they are 
thick enough so that over 95% of the excited 
volume is contained within the film. 

The Waldo thin film routine! allows a choice 
from among several $(92) models.*~® All these 
models have been used to reduce the observed 
x-ray intensities from these films. We can say 
for these materials which of the various ¢$(9z) 
options best reproduces the 15kV results. 


Experimental Methods 


The results reported here were obtained with 
a JEOL JXA-8600 Superprobe equipped with four 
wavelength-dispersive spectrometers (WDS) and 
one energy-dispersive spectrometer (EDS). Quan- 
titative results on thin films were all obtained 
by WDS analysis. Both 15 and 30kV data were ob- 
tained with a beam current of 20 nA. Peak in- 
tensities were measured for 100 s for all ele- 
ments. The films analyzed were reasonably 
smooth and flat. These films are conducting so 
that no conductive coating was necessary. How- 
ever, all standards are carbon coated. This is 
a possible source of error, although the same 
uncoated films were analyzed at 15 and 30 kV so 
that the test attempted here should not be af- 
fected. On-line data reduction by ZAF matrix 
corrections was used for the 15kV data. The 
15kV data were also reduced by the $(pz) tech- 
nique off line. The version of ¢(pz) available 
from Tracor Northern® is also available in the 
Waldo program, so that a direct comparison of 
results with identical methods of calculating 
depth of x-ray generation was possible. The 
Waldo film reduction scheme was used to convert 


x-ray k-ratios into compositions off line. The 
Tracor Northern reduction routines utilize the 
Henke et al.’ calculation of mass-absorption 
coefficients for x-ray energies below 1 kV and 
the Heinrich® method for energies above 1 kV. 
(Waldo uses Heinrich.) 

A total of ten films were analyzed during 
this project, seven of which were thick enough 
to be treated as bulk samples at 15 kV. Of the 
ten samples, three were deposited on MgO sub- 
strates, seven on Si metal substrates. The 
films deposited on Si substrates were made as 
superconductor precursors and would require an- 
nealing to form superconducting compounds. The 
films deposited on MgO substrates had been an- 
nealed. Analytical conditions for 30 and 15kV 
measurements are summarized in Table 1. Sub- 
strate x rays were monitored in order to gauge 
the extent of substrate excitation. 


Results 


The films investigated in this report are 
composed of Bi, Sr, Ca, Cu, Pb, and 0. Compo- 
sitions of thin films are tabulated in Tables 
2 and 3. These data are plotted in Figs. 1 and 
2. In Fig. 1, 15kV ZAF compositions are plot- 
ted against 30kV Waldo reduced compositions. 
The 30kV data shown in Fig. 1 were calculated 
from $(pz) option B%, one of the five included 
in the Waldo film routine. The data resulting 
from this option are tabulated in Table 2. 

This option is used because it provided the 
closest match to the 15kV ZAF bulk analyses. 
The 15kV data were also reduced using the ${pz) 
method (again treating the films as bulk 
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FIG. 3.--Substrate count rate vs film thickness 
for films on Si metal substrates (as calculated 
by Waldo program using $(pz) option B%). 
Thickness was calculated from 30kV data. Aver- 
age thickness was plotted against average sub- 
strate count rate for 15kV data. Note logarith- 
mic scale on y axis. 


samples). These data are plotted in Fig. 2 vs 
30kV Waldo compositions, based on $¢(9z) option 
D°, which provided the best match in this case. 

The closeness of the match between the two 
data sets was determined by summing of the ab- 
solute value of the deviations of 30kV data 
from 15kV data, for each of the five $(pz)} op- 
tions. The option that gave the smallest sum 
was chosen as the best match. The diagonal 
lines in Figs. 1 and 2 are the one-to-one lines 
along which all data would fall if there were 
perfect agreement between the two data sets. 
The largest relative errors in these data occur 
for Ca and Pb. Ca tends to be consistently low 
at 30 kV and Pb consistently high relative to 
the 15kV results. The differences in these two 
elements are often outside of uncertainties. 
For the remaining elements the differences are 
generally within uncertainties. Standard devi- 
ations calculated from repeated analyzes of each 
film are reported in Table 2. The quoted stan- 
dard deviations are often much larger in the 
30kV results. Films were analyzed at 15 kV 
first and it is believed that degradation in 
the quality of the film surfaces due to expo- 
sure to the atmosphere and/or the electron beam 
is the cause of the much greater variability 
seen in the 30kV data set. 

Film thicknesses as calculated by the Waldo 
routine are reported in Table 2 and in Table 3. 
The different thicknesses for samples shown in 
Table 2 vs Table 3 result from use of different 
¢{oz) models. These models yield differences 
in thickness of approximately 5 to 10%. The 
films have thicknesses that range from about 
0.60 to 1.4 um. Modeling of the depth of x-ray 
generation using ¢(pz) methods shows that over 
95% of x rays for all elements in the films oc- 
curs in the upper 0.60 um at 15 kV, which sup- 
ports the treatment of these films as bulk sam- 
ples at this energy. 


Mg Cts./100 sec. 
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FIG. 4.--Substrate counts vs calculated thick- 

ness for three films on MgO substrate. Sample 


Bd2 alone was thick enough to permit treatment 
as bulk sample at 15 kV. Mg substrate counts 
were measured at 2nd-order Mg Ka position in 
order to avoid Bi overlap at the lst-order 
position. 


Figure 3 shows the intensity of x rays emit- 
ted by Si from the substrate vs film thickness 
as calculated by the Waldo routine. Si inten- 
sity is negatively correlated with film thick- 
ness, as onewouldexpect. Electron energy is 
progressively dissipated as the film is pene- 
trated, decreasing the likelihood of exciting 
the substrate in thicker films. In addition, 
as film thickness increases the likelihood of 
absorbing substrate x rays increases. Si in- 
tensity increases as beam energy increases be- 
cause the ability of electrons to penetrate and 
excite the film increases with beam energy. 
Similar features are seen in Fig. 4, a plot of 
Mg intensity vs film thickness for films depos- 
ited on MgO substrates. 


Dtseusston 


Examination of Figs. 1 and 2 shows that good 
agreement was achieved between the 15 and 30kV 
measurements. This result provides some mea- 
sure of confidence that the film routine used 
here can be used to analyze other thin-film 
samples with the electron microprobe, and that 
results obtained are reasonably accurate. How- 
ever, it is clear that more tests of this sort 
must be completed and published to provide 
greater confidence in film analyses of complex 
materials with the microprobe. In the study 
reported here, only one of the samples has any 
elements in both the film and the substrate. 
Sample 706Bd2 has oxygen in the film and the 
substrate (MgO}. The thickness of this sample 
was great enough so that no oxygen x rays gen- 
erated in the substrate could escape from the 
film because of strong absorption. This is 
shown by ¢(pz) modeling of the depth of x-ray 
generation for the elements in this sample. 
Oxygen is so strongly absorbed that it is emit- 
ted only if it is generated in the upper 


188 


0.35 um of the sample. This film has an aver- 

age thickness of 1.0 um. In the case of a much 
thinner film, with elements in common with the 

substrate, the data reduction becomes more com- 
plicated; this situation has not been tested in 
the study reported here. 
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A STUDY OF DIFFUSION ZONES WITH ELECTRON MICROPROBE COMPOSITIONAL MAPPING 


R. B. Marinenko, D. S. Bright, C. A. Handwerker, and J. J. Mecholsky Jr. 


Electron microprobe x-ray compositional mapping 
has been used to study diffusion zones between 
metal-metal and glass-metal interfaces. Image 
analysis techniques including gray-level en- 
hancement, product and quotient images, and 
concentration-histogram images have proved to 
be extremely useful in visualizing the extent 
of diffusion. The qualitative and quantitative 
information provided by these digital acquisi- 
tion and display techniques far exceeds what 
conventional line-scan and x-ray dot maps could 
provide, 


Metal-metal Interface 


As part of a study of the ancient fabrica- 
tion techniques’ used by the Esmeraldes-Tumaco 
Pacific coast people of present-day Ecuador and 
Colombia to make platinum-gold objects and 
adornments, some gold-platinum diffusion cou- 
ples were fabricated and studied with electron 
microprobe x-ray compositional mapping. The 
first of these specimens was prepared by sand- 
wiching of a gold sheet about 40 um wide between 
two platinum sheets. The specimen was annealed 
for 3 min at 1350 C, then quenched. The wave- 
length-dispersive (WDS) concentration map??? for 
gold in this specimen is shown in Fig. l(a). 
Because of the high background from the high 
gold concentration, the diffusion of the plati- 
num into the gold is hardly visible in a con- 
ventional image presentation when a linear ramp 
(in which pixel intensity corresponds linearly 
to concentration) is used to display this image. 
To enhance the visibility of the diffusion zone, 
a dual ramp was applied (Fig. 1(b)). This im- 
age-display technique expands the gray-level 
range of the display scale of the low-intensity 
pixels and decreases the range for the high- 
intensity pixels. Most of the pixels in the 
diffusion zone are then displayed at a lower 
gray-level intensity, leaving only the few pix- 
els corresponding to the highest gold concentra- 
tions to be displayed at the highest gray-level 
intensities. The gold region into which the 
platinum has diffused now becomes clear. 

The annealing temperature (1350 C) used for 
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this sandwich specimen was sufficient to melt 
the gold (m.p. 1064 C) but not the platinum 
(m.p. 1769 C). Figures 2(a)}) and (b) are the 
concentration maps for gold and platinum, re- 
spectively; Figs. 2(c) and (d) are the product 
and quotient images of the concentration maps. 
Figure 2(c) is a scaled image obtained after 
the corresponding pixels of the two elemental 
images are multiplied; Fig. 2(d) is formed by 
division of the corresponding pixels of the 
gold by the platinum image. The product image 
(Fig. 2c) defines the regions where both ele- 
ments coexist at the highest concentrations, 
i.e., where the greatest amount of diffusion 
has occurred; the quotient image (Fig. 2d) de- 
fines the region where the gold concentration 
is highest. From Fig. 2(c) platinum appears 
to have diffused up to 15 um into the gold 
layer during the heating process. The average 
concentration of gold in the center region is 
about 79.6 wt% and the platinum in this region 
is about 19.4 wt%. These values were obtained 
by sampling of several randomly selected pixels 
in this region of the gold and platinum maps. 
(The total is slightly less than 100% because 
no attempt was made to sample corresponding 
pixels inthis inhomogeneous region.) Since up 
to 20 wt% platinum is soluble in liquid gold 
at 1350 C, the hypothesis is that the platinum 
diffused into the molten gold during the an- 
nealing process and that the excess platinum, 
which is adjacent to the pure platinum, precip- 
itated during the cooling process. 

Two other Au-Pt alloys were formed by the 
wrapping of gold wires around platinum wires. 
The overall composition on an atomic basis was 
15% platinum and 85% gold. The first of these 
specimens was heated from room temperature to 
1100 C in 2 min, then held at 1100 C for 3 min 
before water quenching. The second specimen 
was heated to 1200 C in 2 min, held at that 
temperature for 7 min, then water quenched. 

The resulting alloys can be seen in Figs. 3 and 
4, respectively. The two processes have pro- 
duced different microstructures and composition 
distributions that are particularly visible in 
the lower images (c and d) of each figure. 
These lower images are histogram equalized.*>® 
Rather than using a linear ramp such as is used 
in the top images (a and b) of each figure, 

we adjusted the pixel intensities up or down 
(still keeping them in order) to create the in- 
tensity histogram of the pixels as flat as 
possible, so that equal brightness intervals 
(regardless of location) correspond to equal 
areas of the image. Histogram equalization is 
a good method for bringing out visual detail 
when contrast is low over much of the image 
area. We achieved histogram equalization by 
calculating the cumulative histogram; scaling 
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FIG. 1.--WDS concentration map of Au sandwiched between two Pt sheets, 107 um wide: (a) Au Ma 
concentration map, (b) enhanced dual-ramp image of (a). Maps taken at 15 kV, 15 nA, 64 x 64 
pixels. 

FIG. 2.--(a) Au Ma concentration map as in Fig. 1, (b) Pt Ma concentration map, (c) the product 
of maps (a) and (b), (d) quotient of maps (a) and (b). 

FIG. 3.--15Pt-85Au alloy annealed at 1100 C Concentration map for (a) Au Ma, (b) Pt Ma. MHisto- 
gram-equalized images of (c) Pt, (d) Au. Maps taken at 15 kV, 125 nA, 128 x 128 pixels, 240 um 
wide. 

FIG. 4,--15Pt-85Au alloy annealed at 1200 C, same as in Fig. 4. 

FIG. 5.--Glass-metal interface, original EDS maps, 23 um wide. (a) Ni Ko, (b) Fe ka, (c) Si ka, 
(d) overlay of all three element maps. 

FIG. 6.--Original WDS maps of glass-metal interface: overlays of Ni, Fe, and Si. (a) 25 um wide, 
(b) 125 um wide. To the right of each map is corresponding concentration histogram image (CHI). 
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these values linearly as is normally done with 
pixel values, using the original image pixel 
values as indices to the histogram; and apply- 
ing the scale values of the histogram as pixel 
values in the equalized image. The brightness 
values are not linear with pixel number, but 
they are monotonic; that is, if area A is 
brighter than area B in the original image, it 
will also be brighter in the equalized image, 
but not necessarily by the same amount. Such a 
transformation is qualitatively useful for im- 
age enhancement, but the original unmodified 
concentrations must be used for quantitative 
comparisons, 


Metal-glass Interface 


The interface region between a Kovar metal 
alloy and a borosilicate glass (Corning Glass 
7056) is being studied to determine whether 
diffusion across the boundary of the two dif- 
ferent materials occurs and whether the extent 
of diffusion has any effect on the bonding 
strength of the two materials. The nominal 
compositions of the Kovar alloy and the Corn- 
ing glass are listed in Table 1. 

The metal in the specimen studied here (Figs 
5 and 6) was preoxidized in a nitrogen-oxygen 
atmostphere at 800 C for 30 min, forming an ox- 
ide layer on the metal surface. Sealing of the 
metal to the glass was done at 800 C for 10 
min. Original (uncorrected) energy-dispersive 
(EDS} maps were obtained for nickel (Fig. 4a), 
iron (Fig. 5b), and silicon (Fig. 5c). The map 
in Fig. 5(d) is an overlay of the three element 
maps. These maps show that iron has diffused 
from the Kovar alloy toward the metal-glass in- 
terface, leaving behind a region high in nickel, 
while forming an iron-rich zone at the inter- 
face of the two materials. Maps for cobalt, 
aluminum, and potassium were recorded simultan- 
eously but are not displayed here. The cobalt 
distribution is similar to nickel (i.e., a re- 
gion enriched in cobalt remains in the Kovar 
alloy), and aluminum and potassium appear to be 
homogeneously distributed in the glass similar 
to silicon. The remaining elements (oxygen, 
boron, lithium, and sodium) were not mapped be- 
cause of sensitivity limitations in EDS. 

Concentration histogram images (CHI) are 
used to show the frequency distribution of pixel 
values (or concentrations) in a map.° The maps 
in Figs. 6{a) and (b) are WDS overlays of nick- 
el, iron, and silicon. May (a) is about 25 um 
on an edge, map (b) is about 125 um on an edge. 
The corresponding CHIs are to the right of each 
image. The iron is plotted along the horizontal 
(y) axis; silicon along the vertical (z) axis; 
and nickel along the (x) axis, perpendicular to 
the image plane. The white regions in the CHIs 
correspond to a high pixel frequencies, i.e., 
regions where there are a lot of pixels in that 
concentration range. In these images, the sili- 
con-rich pixels along the z axis correspond to 
the silicon in the glass. Iron is associated 
with silicon across the back plane, which cor- 
responds to the diffusion zone ending in an 
iron-rich region at the bottom right corner. 


TABLE 1.--Nominal compositions (weight percent). 


a 


Kovar Corning 7056 
Fe-Ni-Co, alloy Borosilicate glass 
Fe 53.48 Si0, 68 
Ni 29 B20; 18 
Co 17 Al,0; 3 
Mn 053 Li,0 1 
Si O,2 Na,0 L 
C 0.02 K,0 9 


iron is also associated with nickel on the bot- 
tom plane, where the highest density for both 
elements corresponds to the Kovar alloy. The 
highest nickel concentration in this plane is 
low in iron (corresponding to the iron-depleted 
zone in the Kovar alloy), and the part of the 
trace going to the iron-rich back plane corre- 
sponds to the iron-enriched zone adjacent to 
the glass. Nickel has apparently not diffused 
and shows no association with silicon. Quan- 
titation of the maps showed that the iron and 
nickel concentrations are 51-53 wt% and 27-30 
wt%, respectively, in the Kovar alloy; in the 
iron-depleted zone the iron concentration is 
29-33 wt% and nickel is 38-43 wt%. 


Coneluston 


Compositional mapping with the electron mi- 
croprobe is a useful technique for the study 
of diffusion zones. With digital map storage 
and subsequent image analysis, qualitative and 
quantitative information about the diffusion 
zones becomes readily available. Enhancement 
techniques using dual ramp images, product and 
quotient images, and histogram-equalized images 
are helpful for visualizing the extent of dif- 
fusion, especially when the effect of diffusion 
is a small signal above a high background sig- 
nal. The CHIs give a clear visualization of 
the frequency distribution of pixel intensities 
or concentrations as well as the relationship 
between elements. 
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COMPUTER-ASSISTED WAVELENGTH-DISPERSIVE X~RAY MAPPING 


W. F. Chambers and J. H. Doyle 


Elemental x-ray maps frequently provide one of 
the best ways to display compositional gradi- 
ents and inhomogeneities in a sample. Two 
problems consistently plague the effective use 
of elemental x-ray mapping: proper exposure and 
the maintenance of x-ray focus. Solutions ap- 
plicable to Cameca MBX microprobes have been 
previously reported.*** These solutions in- 
volve aligning the X axis of the electron beam 
raster parallel to the insensitive axis of the 
analyzing crystal and synchronously scanning 
the spectrometer with the Y axis of the elec- 
tron beam raster to maintain x-ray focus. The 
capability of the Cameca to set the beam cur- 
rent via an external computer was also utilized. 

We have recently needed to duplicate these 
capabilities on JEOL microprobes. JEOL and MBX 
instruments differ in three important aspects 
relating to their x-ray mapping capability. 
First, although JEOL instruments can read the 
beam current, they lack the capability of set- 
ting it via an external computer. Second, the 
lowest magnification available on an MBX is 
100x; the lowest available on a JEOL is 40x. 
Third, Cameca uses no slits on its x-ray detec- 
tors, whereas JEOL increases its spectrometer 
resolution by using slits. 

The problem of determining acceptable beam 
current-exposure setting combinations has been 
resolved by having the computer calculate the 
beam current that would be required for each of 


the possible scan speeds to give a predetermined 


number of counts on the image if the specified 
element is uniformly present in the sample at 
the indicated concentration. 
of counts (normally 600 000 or 1 000 000) and 
the possible scan times are constants that are 
jnput at configuration time for the operating 
program, TASK8.* Since the TASK8 element table 
contains the count rate expected from pure ele- 
ments or oxides of the element or oxide of in- 
terest, calculating the required beam current 
for a given scan time reduces to 


I = C/(SI « ST * k) 


where I is the required beam current in nanoam- 
peres, C is the desired number of counts, SI is 
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The desired number 


JEOL Low Mag Mapping Setup 
PUSH CANCEL TO PROCEED 


Element name = SI3 
Magnification = 50 X 


Desired exposure setting is 1060 % 


Exposure time = 60 sec 
Setcurrentto 7.46nA 

For 30 sec. exposure use 14.92 nA 
For 60 sec. exposure use 7.46 nA 
For 120 sec.exposure use 3.73 nA 
For 360 sec. exposure use 1.24 nA 
Mag. cutoff for rotation 500 xX 


% on CRT is ENABLED 


Computer control using STAGE Z-AXIS 


FIG. 1.--Menu used to set parameters for low- 
magnification x-ray mapping. Bold values are 
user specified, ttalte values are program cal- 
culated 


the count rate in counts/s-nA for a 100% stan- 
dard of the element or oxide of interest, ST 
is the scan time in seconds, and k is the de- 
sired k-ratio. The possible beam currents are 
displayed in menu form along with the element 
to be mapped, the desired magnification, the 
desired k-ratio to produce the optimum expo- 
sure, and the selected exposure time (Fig. 1). 
The command to initiate the menu is PHOTO S13, 
which indicates that a map of Si should be ta- 
ken by use of spectrometer No. 3. Possible 
beam current--exposure time combinations are 
color coded. White indicates an acceptable 
combination that does not correspond to the 
present beam-current setting of the instrument. 
Blue indicates a combination corresponding to 
the present beam current. Yellow indicates a 
potentially usable beam curren but one that is 
high enough so that it should be used with ex- 
treme caution. Red beam currents are high 
enough so that the system will have difficulty 
focusing and may damage the sample. The menu 
also offers an option of displaying the expo- 
sure setting on the image and of selecting com- 
puter control by either spectrometer or stage 
z-axis motion. 

In our early low-magnification x-ray mapping 
attempts on the JEOLs, we duplicated the syn- 
chronously scanned spectrometer techniques de- 
veloped on the Camecas. We found that the 
spectrometer slits limited our capability to 
maps of greater than 100x magnification. In an 
attempt to lower this limit we decided to in- 
vestigate the possibility of maintaining x-ray 
focus by driving the z axis, thereby dynamical- 
ly altering the sample height. As in the case 
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FIG. 2.--Low-magnification Si x-ray map, original magnification 50x, 


(a) No computer control, 


550 um detector slits; (b) computer control of spectrometer, 550 um detector slits: (c) complete 
control of stage z axis, 550 um detector slits; (d) computer control of spectrometer, no detector 


slits. 


of the spectrometer drive, the x axis of the 
electron beam raster was oriented parallel to 
the insensitive axis of the crystal. We were 
pleased to find that usable x-ray maps were ob- 
tainable down to magnifications as low as 40 
even when the detector slits were inserted. 
Furthermore, the simple equation 


Z = Zo + 40 [1 - (2T/ST)]M M2 40 


where Zo is the initial position of the stage, 
M is the magnification, T is time, and ST is 
the total scan time, satisfactorily describes 
the required offset of the stage z-axis as a 
function of the scan time. We found that ef- 
fects of the crystal position in the spectrome- 
ter were secondary and did not include them in 
our equation. 

In operation, once the magnification, de- 
sired exposure setting, and exposure time are 
input and the beam current and scan rotation 
are set, the computer positions the spectrome- 
ter, sets detector bias and pulse height analy- 
zer baseline and window values, sets the magni- 
fication and labels the map with the element 
name if column automation is present, lowers 
the stage, starts the scan, and dynamically 
raises the z axis of the stage during the scan. 
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Once the map is complete, the stage is reposi- 
tioned to its normal optical focus point. Figs. 
2 (a)-(c) provide a comparison of the results of 
using no computer control, spectrometer scan- 
ning, and stage z-axis scanning. Each figure 
is an Si x-ray map collected at an original 
magnification of 50x, using a 550um slit with 
the detector. If the slit is removed, the im- 
age from the spectrometer scan is usable as 
shown in Fig. 2(d); however, the image shows a 
periodic variation that is due to imperfectly 
tracking the narrow Si x-ray peak. Although 
the technique described here uses the analog 
scan circuitry of the JEOL, a similar technique 
has been developed that uses digital scanning 
circuitry. 
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QUANTITATIVE INFORMATION FROM X-RAY IMAGES OF GEOLOGICAL MATERIALS 


J. M. Paque, Ray Browning, P. L. King, and Pierro Pianetta 


Geologists are commonly confronted with samples 
containing many minerals (phases), each mineral 
with a multiple element composition. To answer 
question such as the origin and evolution of 

the earth, the genesis of ore deposits, or the 
source regions of petroleum products, research- 
ers require knowledge of the chemical character- 
istics of rock samples and their constituent 
minerals. 

This paper presents a method of obtaining 
quantitative chemical information rapidly from 
multiple x-ray elemental images. Scatter plots 
and principal-component analysis quickly yields 
quantitative information concerning the compo- 
sition and spatial location of minerals in a 
sample. 

A complete analytical description of a geo- 
logical sample should give the number of phases 
present, the volume occupied by each phase in 
the bulk sample, and the average and range of 
composition of each phase.’ Existing quantita- 
tive methods do not permit this information to 
be obtained easily and accuragely through a 
single analytical method. A practical approach 
to providing such a complete description is 
from analysis of multi-elemental x-ray images. 
An example is given to illustrate the procedure. 


Conventional Approach 


Several methods can be used to obtain bulk 
compositions of samples. The sample can be pul- 
verized and analyzed by wet chemistry or x-ray 
fluorescence, but once it is ground up, infor- 
mation on the individual constituents is lost. 
Another method involves analyses of large areas 
on a sample by use of the electron microprobe 
("defocused beam"). However, matrix correction 
procedures are based on homogeneous samples and 
often cannot be applied to these analyses.? 

One procedure commonly employed by geologists 
involves preparation of a 30ym thin section of 
the sample to be examined. The sample is viewed 
with a polarizing microscope and mineral identi- 
fication is done over a grid pattern, by a tally 
of the total number of occurrences of each min- 
eral. Once the percentage of each mineral is 
ascertained, point analyses on the electron mi- 
croprobe permit calculation of the bulk composi- 
tion. This procedure suffers several drawbacks: 
(1) it is very time consuming and hard on the 
eyes; (2) the results depend heavily on the op- 
erator's expertise in optical mineralogy; (3) 
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(3) the statistical errors are large because 
the time involved to identify points on a fine- 
ly spaced grid is prohibitive; and (4) the sys- 
tem breaks down if any of the minerals is not 
homogeneous, a common situation in natural ma- 
terials. In addition, one can get information 
on the range of composition of an individual 
phase only through numerous individual point 
analyses using the electron microprobe. This 
point-counting procedure can also be automated 
through the use of the electron microprobe, 
with identification of phases determined from 
short-count-time energy-dispersive analysis.? 


X-ray Image Processing Approach 


With recent advances in the speed and stor- 
age capabilities of personal and laboratory 
computers, large quantities of data can be ef- 
ficiently manipulated. Commercial software and 
hardware available at present allow simultane- 
ous collection and storage of multiple x-ray 
images from a sample (up to 15 for the Kevex 
Delta system). Thus, x-ray images of most or 
all of the detectable elements in a sample can 
be collected. 

Simple examination of the x-ray images can 
provide a lot of information about a sample. 
However, an element such as Si may be present 
in several minerals, sometimes with a different 
concentration in each mineral, or else similar 
concentrations in two phases. Graphical and 
statistical techniques, including histograms, 
scatter plots, and principal-component analysis 
(PCA) can yield insight into mineral phase com- 
position and the distribution of minerals with- 
in a sample. 

Obtaining quantitative information from 
x-ray images is not a new approach;*~° however, 
previous methods have focused on performing the 
matrix correction at each individual picture 
element (pixel) in the image. To improve sig- 
nal-to-background ratios, some researchers have 
used wavelength-dispersive spectrometry (WDS) 
rather than EDS for this work.*? 


Procedure 


The x-ray system used in the experiment de- 
scribed below is a Kevex Delta System that can 
collect up to 15 images simultaneously and in- 
clude either a backscatter or secondary elec- 
tron image. The image size collected was 128 
by by pixels. 

The elements present in the sample are de- 
termined by energy-dispersive x-ray spectros- 
copy (EDS), and multiple x-ray maps are then 
collected for the elements of interest. EDS 
and/orWDS can be used, with the parameters of 
dwell time at each pixel and count rate deter- 
mining the precision in the analysis. The 
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file with the raw data is transferred to a per- 
sonal computer via a communication program by 
the Kermit file transfer protocol. A PC-DOS 
computer (IBM AT class) with a 80386 processor 
(20 mHz), 1 megabyte of random access memory 
(RAM), and an EGA monitor is used to process 
the data. (Computers with an 80286 processor 
are also fast enough to run the software.) 

Data files produced by the Kevex Advanced Imag- 
ing program are read directly by the software 
without any modification. 

The software on the PC-DOS computer displays 
the original x-ray (or backscatter or secondary 
electron) images, histograms of intensity vs 
counts, and scatter plots of the intensity of 
element vs the intensity of another for each 
pixel. For statistical manipulation (principal- 
component analysis) and phase partitioning, 
data are currently transferred to another com- 
puter that only handles a matrix of 64 x 64 
pixels; every other pixel is discarded, Work is 
proceeding to integrate all aspects of the image 
analysis process except data acquisition onto a 
single personal computer. 

To illustrate what data can be obtained we 
present an example from the carbonaceous chon- 
dritic meteorite Efremovka. The backscatter 
electron image of the area studied is shown in 
Fig. 1. The minerals in this sample (Table 1) 
have also been characterized by point analyses 
using the microprobe. This fairly simple sam- 
ple consists of five major minerals and one mi- 
nor mineral in the system CaO-MgO-A1,0,-Si0,- 
TiO,. Sodium and iron, although analyzed, are 
near or below the detection limit in this sam- 
ple, and are not considered in the analysis. 


Data Analysts 


Plot of intensities of one element versus 
another, for each pixel in the image,® produces 
clusters of points that represent the various 
minerals. Although there are five major miner- 
al phases in this sample, only four clusters are 
apparent on the scatter plot of Al vs Si (Fig. 
2). The scatter of points within a cluster is a 
result of both the precision (counting error) 
inherent in the analysis and the actual range of 
composition (heterogeneity) of the mineral. 
Scatter resulting from the counting error ap- 
proximates a Gaussian distribution that can be 
seen by a thermagraphic color scale incorpor- 
porated into the software; i.e., the denser the 
concentration of points, the "hotter" the color 
(red + orange > yellow + white). The scatter of 
points between the clusters results from pixels 
that overlap more than one mineral; minor 
phases; and cracks, holes, or voids in the 
sample. 

Various combinations of elements could be 
used for scatter plots in an attempt to deter- 
mine the major phases. However, with geological 
samples (which often contain 10 or more ele- 
ments), this process can result in over 40 scat- 
ter plots. Extracting the pertinent data from 
these scatter plots is time consuming and not 
very efficient. Minerals that are not homogen- 
eous, perhaps with varying proportions of end- 


member compositions, complicate this procedure. 


Prinetpal-component Analysts 


A quicker and more general method is to ap- 
ply principal-component analysis (PCA) to the 
data to extract the most information. PCA is a 
statistical technique used on large data sets 
to find the combination of variables that pro- 
vide the greatest variance in the data.’ The 
same number of principal-component images are 
calculated as the number of elemental images 
in the original data set, but pertinent data 
are condensed into fewer images; the remaining 
images contain mainly noise, or are the product 
of a few pixels far out of the range of most of 
the data. The equations formed by PCA yield 
the contribution each element made to each 
principal-component map. 

Scatter plots of one principal-component im- 
age versus another often delineate additional 
phases (Fig. 3). Although for many samples the 
same information can be obtained eventually by 
choice of the correct elements to plot ona 
scatter plot, or use of several scatter plots 
concurrently, use of PCA produces the result 
more rapidly and does not rely on the selection 
of elements by the analyst. 

The next step is to group pixels into vari- 
ous phases based on the clusters in the scat- 
ter plot(s). Areas on the scatter plot can be 
selected, and the image points within the se- 
lected area colored. Display of the selected 
points as an image shows the spatial location 
of the mineral (Fig. 4). This process is re- 
peated for each of the phases present in the 
sample. Segregation of pixels into phases de- 
pends on the decisions made by the analyst. If 
the goal is to obtain a highly accurate bulk 
composition, all the pixels should be parti- 
tioned into various phases, as was done for 
this example. If the goal is to obtain very 
accurate values for the composition of individ- 
ual minerals, pixels that lie along phase 
boundaries should be discarded, lest they con- 
taminate the analysis. 


Standardless Analysts 


From a count of the number of pixels within 
selected areas we can calculate the area per- 
centage of each mineral and the average inten- 
sity of elements within each area (Table 2). 
These intensities, after background correction, 
can be used to calculate the average composi- 
tion of each mineral by use of matrix correc- 
tions and standardless analyses. 

For this example, background values were es- 
timated manually by measurement of the back- 
grounds at representative points on the sample 
scaled to the same conditions as image collec- 
tion. Backgrounds were subtracted from the 
total intensities in Table 2 to obtain net 
peak intensities. The background for a single 
element on various minerals is very similar in 
this sample, since all the minerals are oxides 
of a restricted set of elements and are similar 
in atomic weight. This similarity would be ab- 
sent in many other samples, and other methods 
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TABLE 1.--Minerals in area sampled. 


Area | Average intensity (counts 
Mineral _ percent | Al |} Si | Mg {| Ca |} Ti Na 
Melihite 27 | 73 | ee 5.0 
Pyroxene 16 5.0 
Spinel 40 4.9 
Hibonite 3 4.9 
Anorthite 13 4.7 
Perovskite 5.9 
Background D.2 


Ca, (Mg, AI(ALSi)O, 


Pyroxene Ca(Mg,Ti,A1)(Al,Si),0 6 
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FIG. 1.--Backscatter electron image of area sampled (mineral abbreviations in Table 1). 
FIG. 2.--Scatter plot of Al vs Si for all pixels in image. 

FIG. 3.--Scatter plot of principal component 1 (PCA 1) vs principal compnent 2 (PCA 2). Outlined 
areas encompass various phases. Remaining points are minor phases, mixtures of two or more 
phases, or holes and voids. 

FIG. 4.--Spatial location of minerals as determined from scatter plot in Fig. 3. Computer pro- 
gram discards half of the pixels. 
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TABLE 3.--Comparison of standardless analyses of data obtained from x-ray imaging, wiht electron 


microprobe analyses. (All values are in wt.%.) 


MgO AljgO3 OY SiO» CaO TiO 

Melilite standardless re 0.0 
microprobe oe ae 0.0 

Pyroxene standardless 1.0 
microprobe 3.1 

Spinel standardless 0.8 
microprobe 0.2 

Anorthite standardless 0.0 
microprobe | 405 | 2 0.0 

Hibonite standardless : 4.8 
microprobe . 73 

Perovskite standardless 8.5 Cae ee a eee a 25.6 
microprobe 0.5 4.6 3.0 40.0 44.7 

Calculated bulk composition 5.6 41.6 | 300 | 22.0 0.9 


of background subtraction are under considera- 
tion. One possible method is to acquire a back- 
ground map at a nearby portion of the spectrum, 


concurrently with the elemental map of interest. 


Given the present software limitation of 15 
elements, this approach would restrict the ana- 
lyst to 7 each of elemental and background sub- 
traction in situations where the background 
varies considerably with different phases in 
the sample. Ideally, the peak and background 
values for each pixel would be subtracted be- 
fore storage of the value in the data file, but 
that might lead to inaccurage results in re- 
gions of the spectrum where the slope of the 
background deviates significantly from zero. 

The net peak intensities obtained after 
background subtraction are next normalized to 
one for each mineral. These values are used as 
k-ratios for the purpose of standardless analy- 
sis via the MAGIC V matrix recalculation pro- 
gram. Table 3 compares the values obtained by 
this method with those from a representative 
conventional microprobe analysis. Considering 
that the pixel segregation into phases was op- 
timized for the bulk composition, the analyses 
agree fairly well for melilite and anorthite. 
Pyroxene is present as a solid solution of sev- 
eral different components, so that one cannot 
choose a representative analysis that agrees 
well with the standardiess analysis, although 
the standardless analysis results are within 
the range of the microprobe analyses for all 
oxides except MgO, which is low. 

The variance found for spinel, hibonite, and 
perovskite can be accounted for by the high 
percentage of pixels that are at the edge of 
these smaller grains, particularly in perov- 
skite (bright phases in Fig. 1), as the grain 
size is generally less than 5 ym. The perov- 
skite is associated spatially with spinel, a 
phase rich in Mg and Al, which is reflected in 
the high MgO and Al,0, contents of perovskite 
as calculated by standardless analysis. 

Total bulk composition of the sample can 
also be calculated by weighting of the individ- 
ual phase analyses by the percentages in Table 
2, and is consistent with values expected for a 


sample of this type. The bulk composition is 
considered more accurate than the individual 
phase compositions calculated by standardless 
analysis, as discussed earlier. 


Summary 


The above analysis illustrates that multiple 
x-ray image techniques, including the use of 
principal-component analysis and scatter plots, 
can give a lot of information about the mineral 
compositions and distributions in geological 
samples. The methods and procedures used can 
be readily extended to other nongeological 
samples. 
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EDS IMAGE CLASSIFICATION BY RECURSIVE PARTITIONING 


Raymond Browning, P. L. King, J. 


Recent instrumental developments in x-ray imag- 
ing open up some very exciting possibilities 
for the analysis of complex multiphase materi- 
als. X-ray microanalysis systems are now con- 
figured to collect multiple images simultane- 
ously; the maximum number of images is limited 
only by computer memeory size rather than any 
intrinsic limits. The multispectral technique 
offers both quantitative analysis of relative 
quantities in mixtures of elemental phase sys- 
tems and the semiquantiative analysis of highly 
dispersed or inhomogeneous phases.’~° However, 
the success of the multispectral imaging ap- 
proach depends on the ability to extract infor- 
mation from the very large data sets that are 
produced. 


Image Analysis 


When analyzing multispectral images it be- 
comes quickly apparent that any a priori ap- 
proach may be insufficient to cover the varia- 
tion in data. This variation might be due not 
only to meaningful signal that contains informa- 
tion about "real" processes such as elemental 
concentration, but also random occurrences such 
as digital dropout, or nonrandom variations 
such as the large change in signal that might 
be seen on a physical crack in the sample. 

A common method used to reduce large multi- 
spectral data sets is principal-component analy- 
sis (PCA).* The PCA procedure is straightfor- 
ward to implement and often gives a very useful 
reduction in the number of images with signifi- 
cant signal variance. In the example described 
below, the first two principal components con- 
tain 90% of the image information originally 
contained in 12 x-ray images. PCA is also used 
because it gives an automatic view of most of 
the complexity in the data with little operator 
intervention or prior knowledge. However, when 
PCA is used in the analysis of multispectral 
x-ray dispersive images of geological minerals ,* 
it is found that the large number of mineral 
phases typically present leads to a large number 
of significant principal component images. This 
large dimensionality produces difficulties in 
graphic presentation of the data and interactive 
partitioning of the image. A further problem is 
in the nature of the mineral-phase distribution. 
Some phases are well separated in at least one 
projection directipn; other phases are contin- 
uous mixtures with two or more end points. 

Both types of mineral-phase distributions can 


Raymond Browning is at the Center for Inte- 
grated Systems, J. M. Paque is at the Center 
for Materials Research, and P. L. King and 
Pierro Pianetta are with the Stanford Synchro- 
tron Radiation Laboratory, Stanford, CA 94305. 


M. Paque, and Pierro Pianetta 


be found intimately mixed in a geological sam- 
ple. The very different types of these dis- 
tributions means that a first-level approach 
to partitoning the images could lead to over- 
looking significant aspects of the signal. 


Reeurstve Parttttoning 


A multistep image analysis procedure that 
circumvents the above problem promises to be a 
convenient and relatively simple extension of 
PCA. The analysis method relies on the fact 
that there is very often some clear separation 
of an image after PCA and that this clear sep- 
aration can be readily observed in the first 
few principal-component images. Thus the in- 
formation in the first few principal-component 
scatter diagrams can be partitioned interac- 
tively into regions that are well separated 
from each other, but may be individually com- 
plex. PCA can then be applied to the data sub- 
sets and the process can be repeated until a 
meaningful projection of the data can be viewed 
in a low-dimensional scatter diagram. The real 
image can then be formed by either density or 
false-color imaging, depending on which is ap- 
propriate for the subset alone. Use of PCA 
recursively on subsets of an image also dis- 
criminates heavily against outliers, and the 
distinction between the projections based on 
either the covariance or correlation matrices 
is less important. 

The recursive use of the PCA transform is 
illustrated by the partioning of a 12-component 
multispectral energy dispersive spectroscopy 
(EDS) image.° In this analysis we treat the 
data simply as a partitioning problem, to find 
information in the image without prior knowl- 
edge about the system. The 12-elemental com- 
ponents are listed in Table 1. The real-space 
image of the backscatter image (channel 12) 
and two elemental images Ce and Nd are shown 
in Fig. 1 as a monochrome reproduction of a 
color image. The scatter diagrams for the 
first against the second and third principal 
components for each pixel in the image are 
plotted in Fig. 2. The principal components 
are derived from the covariance matrix; the 
first three components have 74.3%, 15.3%, and 
4.0% of the signal variance, respectively. The 
three histograms show how the relative variance 
divides the image. It can be seen from the 
scatter diagrams in Figs. 2(b) and (c) that the 
image has clustered into four main regions of 
interest, but there is some structure in the 
larger phase distribution at the top of the 
scatter diagrams. The four major phases can be 
separated, and a false-color image of the 
phase's spatial distribution can be displayed 
by windowing of the clusters. In this case the 
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TABLE 1.--Elemental maps collected in 
"smithx.map." 


1-Al, 2-Si, 3-Mg, 4-Ca, 5-Ag, 6-K, 7-Ti 8-Gd, 
9-Fe, 10-Ce, 11-Nd, 12-Backscatter 


cipal components are considered. Recursive 
application of PCA can separate out dominant 
Signals and allow signals with smailer vari- 
ance to be analyzed. 


References 


software used an oval window. A monochrome re- 
production of this false-color image is shown 
at the bottom left of Fig. 2. 

By windowing of the clusters to form the 
false-color image the data have been parti- 
tioned and the larger phase with structure can 
then be treated separately with PCA. This 
larger cluster only appears complex when the 
covariance matrix is used. Use of the correla- 
tion matrix produces a more rounded cluster, 
so that it is quite possible to miss informa- 
tion if just one choice of projections is used. 
Just as important is the fact that even as far 
out as the ninth principal component image 
Significant (although small) signal can be seen 
in the real image (0.15%). Figure 3 shows the 
data from the first two principal-component im- 
ages from the structured phase alone. The 
phase now looks like a V in the first and sec- 
ond principal~component scatter diagram. Thus 
at least four significant image components are 
needed to give a description of the data to 
this point in the analysis. In fact the data 
in this phase are even more complex. With the 
phase isolated by the windowing, it becomes ap- 
parent that associated with this phase alone 
are a group of high-variance outliers that dom- 
inate the PCA; a very different result can be 
obtained by removing them. However, the scatter 
diagram of Fig. 3 can still be usefully parti- 
tioned into four regions to show the spatial 
distribution of the signal around the V. In 
the false-color image of Fig. 3, there is also 
some spatial grouping within the partitioned 
cluster, so that a spatial smooth of the image 
data would be useful. 

From the partitioned image of Fig. 3 an addi- 
tional type of information can be obtained. As 
the images are collected from various parts of 
the x-ray spectrum, a crude spectrum (11 data 
points) of the individual parts of the image 
can be generated. From this spectral data it 
can be readily seen that the components deter- 
mining the variation in the phase are largely 
Si, Ca, and K. The (anti)correlation between 
the Si and Ca signals, and the Si and K signals, 
are shown in Fig. 4. Thus partitioning the 
full image, and then subsequent PCA, allows the 
details of the subset to be extracted in isola- 
tion. Observing the Si/Ca and Si/K correlation 
within the complex phase would be very difficult 
otherwise. 


Conelustons 


The above analysis shows that a great deal 
of information can be extracted from a complex 
multispectral image by recursive applicaiton of 
the principal-component transform to subsets of 
the data. It also shows that a first-level ap- 
proach to partitioning the data might overlook 
significant information unless high-order prin- 
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FIG. 1.--64x64 pixel images of signal channels 10(Ce), 11(Nd) and 12(backscatter) images with 


respective signal histograms. 
FIG, 2.--Principal-component image data. (a) PC-1 histogram, (b) PC-1 vs PC-2 scatter diagram, 


{c) PC-1 vs PC-3 scatter diagram, (d) false-color phase image, (e) PC-2 histogram, (f) PC-3 
histogram. 
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FIG, 3.--Principal-component image data from complex phase. (a) PC-histogram, (b) PC-1 vs PC-2 
scatter diagram, (c) PC-1 vs PC-3 scatter diagram, (d) false-color image, (e) PC-2 histogram, 
(f) PC-3 histogram. 

FIG. 4.--X-ray elemental image data from complex phase. (a) Si signal histogram, (b) Si vs Ca 
scatter diagram, (c) Si vs K scatter diagram, (d) false color phase image, (e) Ca signal histo- 
gram, (f) K signal histogram. 
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IN SITU ANALYSIS OF NATURAL FLUID INCLUSIONS IN MINERALS BY A CRYO-STAGE 
AND THIN-WINDOW EDS 


B. J. Griffin 


Fluid inclusions (Fig. 1) are samples of solu- 
tions parent to the host phases. They are 
trapped during crystallization and thereby pre- 
serve a record of conditions present during 
mineralization. Knowledge of fluid compositions 
allows modeling of mineralizing events and con- 
sequently prediction of the possible siting of 
further mineral deposits. Measurement of fluid 
composition by conventional optical 
techniques!»* is based on analogy to 'model" 
brines, usually NaCl-rich. Bulk analytical 
methods only provide averaged data. More 
sophisticated spectroscopic techniques (e.g., 
laser Raman) are not easily quantified. ? 

Decrepitation of near-surface inclusions by 
heating through exposure to high electron beam 
intensities has been used to qualitatively 
analyze nonvolatile residues. The potential of 
cryogenic stages on scanning electron micro- 
scopes (SEMs) has been recognized.° Results 
are presented here on the chemistry of some Cl 
brine-filled fluid inclusions and gas-filled 
fluid inclusions. The data demonstrate the 
increased information available from fluid 
inclusions by the application of thin-window 
energy dispersive spectrometry (EDS) and cryo- 
SEM techniques. 


Expertmental 


Fluid inclusion-rich samples of fluorite 
(CaFy) and sphalerite ( Zn,Fe S) from the Black 
Flag Deposit, and quartz (SiO) from the Lawlers 
Deposit in Western Australia have been examined. 
The samples were slabbed into lmm-thick sections 
and polished on both sides. A range of fluid 
inclusion populations have been identified 
optically in the Black Flag samples. Conven- 
tional microthermometric measurements indicate 
two fluid compositions present with 3-8 equi- 
valent wt.% and 8-12 equivalent wt.% NaCl, 
respectively.© The fluid composition of the 
Lawlers sample was suspected to be carbon 
dioxide. ” 

Samples were examined in a Philips 505 SEM 
equipped with a Hexland cryo-stage and acces- 
sories. X-ray spectra were collected in a 
turreted EDAX ECON IV and PV9900 EDS with a spot 
size of 200 nm, 100-200s live counting time, 
and 15kV accelerating voltage. 

The sphalerite slabs were mounted vertically 
in slotted carbon stubs, glued in with a carbon 
based adhesive and snap frozen by being plunged 
into liquid nitrogen slush. The exposed section 
of slab was fractured within the cryo-chamber, 
coated with approximately 10 nm of carbon, and 
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transferred to the SEM stage. A range of 
NaCl, KCl, and CaCl» standard fluids, 4-20 
total wt.% in water, were similarly snap 
frozen on carbon stubs in droplet form. 

Fluid inclusions exposed on horizontal 
fracture surfaces of the sphalerite were 
located by using backscattered electron imaging 
(Fig. 2) and analyzed. Reference x-ray Spectra 
from the sphalerite host were also collected. 
Standard solutions were analyzed by both spot 
and raster (50 x 100um) electron beam modes. 
X-ray spectra from the carbon stub were used 
to monitor electron beam intensity variations. 
The fluorite and quartz samples were similarly 
examined except that no coating was applied to 
the quartz sample as carbon dioxide was 
suspected to be the fluid phase (Fig. 3). 


Qualttative Results 


The spectra from inclusions in the 
sphalerite and fluorite consistently contain 
peaks corresponding to Ca, K, and Cl in addi- 
tion to the host elements. Superimposition 
of the reference sphalerite spectrum on the 
inclusion spectrum demonstrates the additional 
presence of Na (Fig. 4), initially masked by 
the Zn Lo peak. 

The spectra from inclusions in the quartz 
contained no characteristic x-ray peaks, in 
conventional Be-window mode. Spectra collected 
by use of the thin-window mode contain oxygen 
and carbon peaks (Fig. 5). The absence of a 
silicon peak confirmed the lack of interference 
from the quartz host. The frozen fluid was 
subsequently observed to sublimate at -78 C, 
confirming its identity as carbon dioxide. 


Quantttattve Results 


Spectra initially obtained from the standard 
solution droplets gave no consistent data. 
This result was recognized to be due to the 
presence of a contaminant ice layer on the 
surface. Attempts to cut flat surfaces on the 
frozen droplets by a metal cutter produce 
inconsistent results. An important result was 
that shattered fragments of the droplets were 
observed to be inhomogeneous crystalline 
composites of ice crystals and an interstitial 
chloride mixture (Fig. 6). 


Conelustons 


The qualitative results show the fluid 
inclusions in the Black Flag sphalerite and 
fluorite to contain sodium, calcium, and 
potassium chloride species and are therefore 
more complex than suggested by conventional 
techniques. The fluid included in the Lawlers 
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FIG. 1.--Composite fluid, gas, and daughter salt-rich inclusions in Black Flag sphalerite. 


FIG. 2.--Backscattered electron (BE) image showing cleavage control on location of inclusions 
in sphalerite. 


FIG. 3.--Secondary electron (SE) and BE images of frozen CO2 inclusion in quartz. Sample was not 
coated, as indicated by charging in SE image. 


FIG. 4.--Overlayed x-ray spectra from frozen inclusion and host sphalerite (black). Inclusion 
is Na, K, Ca, and Cl rich. 


FIG. 5.--Overlayed x-ray spectra from frozen carbon dioxide inclusion and quartz host. Inclusion 
spectrum was collected with thin-window mode of EDS. Carbon and oxygen peaks are clear. 


FIG. 6.--BE image showing presence of ice crystals (dark) and interstitial Na, Ca, K chlorides 
in frozen "standard solution" droplet. 
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quartz is carbon dioxide. 

The quantification of these data requires 
more sophisticated techniques than those used 
here. Snap freezing in liquid nitrogen slurry 
is too slow to prevent inhomogeneity in the 
droplets. This may become a minimal problem if 
spectra are collected from sufficiently large 
areas of the droplet, after ice removal. The 
application of cryo-SEM and EDS analysis does 
provide new qualitative information. 
Quantification of the datais more difficult. 
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CHARACTERIZATION OF OCCURRENCE AND DISTRIBUTION 
OF INVISIBLE GOLD IN ORE BY EPMA 


Shuihe 


There is a particular type of gold-bearing ore 
in which the Au tenor is quite high--sometimes 
even up to tens of ppm--but the gold in the ore 
is not visible by examination of a great number 
of polished sections under an optical micro- 
scope at high magnification, Generally, this 
kind of gold is called "invisible gold," "ultra- 
micron gold," or "submicron gold."' Owing to 
the invisibility of ultramicron gold in "Car- 
lin type"! gold ore, it is extremely difficult 
to investigate its occurrence and distribution 
by conventional determining means. EPMA has 
been proved to be a very powerful instrument 
for doing research onthis subject because it 
has the advantages of high space resolution, 
being nondestructive, getting in situ quantita- 
tive analysis results, observing various kinds 
of images continuously with the same equipment, 
etc. Therefore, using the electron-probe micro- 
analyzer (EPMA) and scanning electron micro- 
scope (SEM) as the main instruments, we have 
investigated the distribution characteristics 
and concentration of invisible gold at various 
locations in gold-bearing minerals of various 
grain sizes, crystal forms, and paragenetic 
stages. 


Expertmental 


The unoxidized (primary) ore sample from a 
"Carlin type" gold deposit in Southwest China 
consists of drill cuttings with gold tenor of 
31.02 ppm and weight of 2438 g. Chemical anal- 
ysis gave 2.40% S, 3.41% Fe, 2.59% Al, and 
1.63% K in bulk ore. The main sulfides are py- 
rite and arsenopyrite; the other common minerals 
are quartz, illite, kaolinite, calcite, dolo- 
mite, apatite, and barite. Modal analysis by 
optical microscope and point counting gave 
4.7% pyrite (including a small quantity of some 
other sulfides), 68.7% quartz and some carbo- 
nates, and 26.6% clay minerals. The operating 
conditions of EPMA are: accelerating voltage 
25 kV, beam current 1 x 10° A, beam diameter 
about 1 um. Au La but not Au Ma is preferably 
chosen as the analyzed x-ray line because Au 
Ma, (5.840 A) overlaps with the 3rd-order line 
of Fe Ka (5.812 A) to some extent and iron is 
the main component of the pyrite matrix. Ac- 
cording to the expression of detection limit’’? 
the calculated value of Cpy, under the circum- 
stances is 0.038%. Considering some uncertain- 
ties, such as instrumental instability, sample 
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imperfection, and so on, the Cpl, value for de- 
tecting trace gold in pyrite is estimated to 
be 0.05% in practice. Another point to be 
noted is that the common method for measuring 
background is unsuitable here. In the present 
work, pure pyrite and other minerals that have 
been shown to contain no gold are employed as 
standards for measuring background when the 
spectrometer is located at the peak position 
of Au La. In this way, the precision for de- 
tecting trace gold in pyrite and other minerals 
is improved. The instrument in this work is 
the JEOL 733 electron probe equipped with a 
TN5S500 EDS system and a TN5600 automation sys- 
tem. One of the wavelength-dispersive spec- 
trometers (WDS) is exclusively arranged to de- 
termine the gold content; this spectrometer is 
kept at the peak position of Au La throughout 
the measurement procedure without any movement 
to eliminate mechanical error. At the same 
time, the EDS system is used to analyze the 
contents of sulfur, iron, arsenic, etc., to 
monitor that the spot selected for analyzing 
is correct. 


Results and Conelustons 


On the basis of results of electro-probe mi- 
croanalysis on various kinds of minerals of 
which the ore is composed (Table 1), SEM obser- 
vation, and chemical dissolving experiments on 
pyrite, the following conclusions have been 
drawn. 


1. Pyrite is the most important gold-bearing 
mineral. More than 95% of the pyrite grains 
occur as anhedral granulas that consist of 
euhedral crystal cores formed earlier containing 
little Au and As, and rims formed later notably 
enriched in Au and As. There is little or no 
Au in the euhedral pyrite crystals. The aver- 
age Au content in pyrite is 257.6 ppm. The 
average content of Au in rims of anhedral py- 
rite is 599.8 ppm; in their interiors, less 
than 81 ppm. 

2. Usually there is no way for observing 
and displaying the invisible gold in pyrite 
grains because of its trace content. Fortu- 
nately, in the present circumstances the dis- 
tribution characteristic of the invisible gold 
in pyrite can be displayed and examined accord- 
ing to that of arsenic in SEM images (Fig. 1) 
and in EPMA data (Table 1), because there is 
almost a positive correlation between the Au 
and As contents. 

3. In chemical dissolution experiments on 
pyrite, the goid liberated from dissolved py- 
rite is not in the HNO, solution; it is in the 
residue, together with the undissolved pyrite 
and will later go into the KI + I, gold- 
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FIG. 1.--Electron beam scanning images on anhedral pyrite grain: A. SEI, B. Fe Ka, C. S Ka, 
D. As La. 


TABLE 1.--Contents of Au and As in minerals analyzed by EPMA, 
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Spots with Au cont. Spots with Au cont. 
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: 4 Range Ave. Range Ave. Range Ave, 
Py. (<1@um) 120 | 92 } .05--0.34! 0.15 | 1.60-9.29! 5.22 | 28 | O-5.64 | 2.05 
Int. of py.# i} 73} 10 | 0.@5-0.11! 0.08 | © ~9.13} 2.67} 63 | @-3.77 } 0.81 
Rims of anh. py.# } 57} 44 | @.@5~@.46! 0.18 } @.85-7.37! 5.61} 13 | @- 4.51 | 0.76 
Rims of euh. py.*} 18} 0} i 18 | 0-49 } 0.12 
Arsenopyr ite 22 1 @.15 @.15 : 21 
Quartz ; 59} 5 | 0.05 0.09: 9.07 | a 
calcite ' 40} 2} 0.05 -0.06! 0.06 } ge 
Bar ite } 261 1} 6.05 : 0.05 | 2a 
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Note: Only gold contents are determined in arsenopyrite, quartz, calcite, barite. 
* = pyrite grans with size >10ym@. Ana. = Analysed, anh. = anhedral, Ave. = Average, 
cont. = contents, euvh. = euhedral, Int. = Interiors, Py. = Pyrite, Sp. = Spots 
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leaching solution. In addition, EPMA results 
indicate that gold contents at different spots 
in the gold-rich rim within the same pyrite 
grain are remarkably different. These facts 
confirm that the invisible gold in pyrite oc- 
curs as ultramicron native gold inclusions, not 
as isomorphous substitution. 

4. The gold content in other minerals, such 
as arsenopyrite, quartz, calcite, and barite, 
are all below the detection limit of EPMA 
(0.05%). In association with the results of 
chemical assays of mineral separates, it is be~ 
lieved that these minerals are not gold-bearing 
bodies. 

5. More than 60% of the gold content given 
by chemical assay of clay minerals occurs in 
micro pyrite inclusions (<1 um) in which gold 
is noticeably enriched. 

6. The main features of the ore sample stud- 
ied in the present work are very similar to 
those of the ore from Carlin and Cortez gold 
mines, Nevada, USA, in the following ways: the 
manner of occurrence and distribution charac- 
teristics of the invisible gold, the positive 
correlation between Au and As contents, the mi- 
crostructure of the main gold-bearing minerals, 
the mineralogical composition of the ore, and 
so on.’ That shows that the "Carlin type" gold 
deposits have their own common and specific 
features. 

7. The special mode of occurrence and distri- 
bution characteristic of the invisible gold in 
such ores is favorable to the process design 
for oxidizing-roasting, chloridizing, and cya- 
nide-leaching. In this case, sufficient oxidi- 
zation and leaching of the pyrite surface pro- 
duces satisfactory gold recovery. As a result 
it will bring the advantage of saving time, 
reagents, and energy. 
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STOICHIOMETRY/NONSTOICHIOMETRY OF GaAs COMPONENT IN MBE GROWN (GaAs)Ge 
THIN FILMS AS DETERMINED BY ELECTRON PROBE MICROANALYSIS 


D. R. Liu, S. S. Shinozaki, R. G. Warsinski, and R. J. Baird 


(GaAs)Ge thin films have been grown by molecu- 
lar beam epitaxy (MBE) on (100)-oriented GaAs 
substrate to form metastable alloys. These 
films are of interest because they are possible 
candidates for optoelectronic applications.?+ 

It is important to be able to determine accu- 
rately the composition of the film, and particu- 
larly to determine whether the GaAs component 
can be made in stoichiometry and/or nonstoi- 
chiometry. However, the Ka peaks from these 
elements cannot be used for chemical analysis 
of these films. The thickness of the film is 
usually about 0.5-1.5 um. If Ka peaks of the 
elements are used for quantification, the ac- 
celerating voltage E must be more than 10 kV 

so that the overvoltage U = E/E, could be larg- 
er than one and the Ka peaks sufficiently ex- 
cited. Under this voltage E, the depth within 
which some generated x-ray photons can emerge 
from the sample is already more than 0.5 um. 
For example, when a sample of a Ge layer 
0.5lum-thick grown on a GaAs substrate was 
analyzed in the electron microprobe under E = 
12 kV, the apparent Ga content was about 5%, 
whereas the apparent As content was almost 
zero. Thus, for an accelerating voltage of 12 
kV, the generation depth of Ga Ka x-ray photons 
is more than 0.5 um, whereas that of As Koa is 
less than 0.5 um. More experimental results on 
this aspect will be discussed later. If a low- 
er voltage is used to reduce the generation 
depth, the L peaks have to be used, in spite of 
the fact that there will be some interference 
among the L peaks and heavy absorption of the 
generated L x-ray photons. This paper demon- 
strates that, after taking care of the various 
L line x-ray signal interference, we were able 
to determine the presence of stoichiometric and 
nonstoichiometric composition of the GaAs com- 
ponent in the films prepared at various epitax- 
ial growth conditions. 


Expertmentatl 


The samples were (GaAs)Ge thin films MBE 
grown on (100)-oriented GaAs substrate. Sever- 
al samples grown under various conditions were 
mounted on a single 1 in. metal disk, along 
with pure Ge and GaAs reference standards on 
the same disk. A CAMECA SX50 electron micro- 
probe was used for the present work, and two 
wavelength spectrometers each equipped with a 


TAP crystal were set to collect La peak signals. 
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FIG. 1.--WDS spectrum from typical (GaAs)Ge 
sample collected with TAP crystal. Relevant 
L peaks discussed in text are marked. 


with one TAP crystal used twice to collect sig- 
nals of the Ga and Ge L peaks. The accelera- 
tion voltage was 8 kV. Prior to the signal 
collection, an x-ray wavelength scan of wide 
range was performed separately on the Ge, GaAs, 
and InAs reference materials and a typical 
(GaAs)Ge sample in order to investigate the in- 
terference between various x-ray peaks, but 
only the spectrum of a typical (GaAs)Ge film is 
shown in Fig. 1. Proper background offsets 
were set to extract the peak signals for subse- 
quent quantification. 


Results and Discusstons 


Stotehtometry Determination. Because the Ga, 
As, and Ge La peaks are at low energy (slightly 
higher than 1 keV), and there are many L peaks 
for each element, these peaks may interfere 
with one another. Therefore, we have to exam- 
ine them very carefully. For the purpose of 
clarity, only the L peaks relevant to the pres- 
ent discussion are marked in Fig. 1. Normally 
the La peaks are used for quantification. How- 
ever, if we examine the situation near the As 
La peak and the Ge La peak, we find that there 
is a Ge L8, peak close to the As La peak with 
a wavelength difference of 0.003 nm and a Ga 
LB3/, peak close to the Ge La peak with a wave- 
length difference of 0.008 nm. If La peaks are 
used for quantification of the (GaAs)Ge films, 
the error is mainly overestimation of the As 
content due to the intrusion of the tail of the 
Ge L84, peak into the As Lo peak. Now we may 
examine the possibility to use alternatively 
L8, peaks for quantification. In general, the 
mass absorption coefficient u/p of an La line 
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FIG. 2.--Presence of stoichiometry (x) and non- 
stoichiometry (o) of GaAs component in (GaAs)Ge 
MBE films discussed in text. Nonstoichiometry 
is expressed with difference of percentage of 
As minus percentage of Ga. 


is much higher than that of the La line of the 
same element. For example, the u/p of Ga Lg in 
Ga is 7338, whereas the u/o of Ga La by Ga is 
1355. The so-called PAP procedure for the ZAF 
correction used in the present instrumentation 
reportedly can handle L lines of medium Z ele- 
ments reasonably well.? More important, the 
result of the present microprobe work is con- 
sistent with the results obtained on the same 
samples with other instrumentaiton.* Therefore, 
we may assume that the absorption correction 
did not introduce large errors in the determi- 
nation of stoichiometry/nonstoichiometry for 
the samples studied here. 

It is evident from the L peak markings in 
Fig. 1 that the only concern with the L8; peak 
is the proximity of the As L; peak at 1.107 nm 
to the Ga L@; peak at 1.102 nm. Calibration of 
the Ga and As Lf, peaks was accomplished with a 
single compound standard GaAs. Our purpose was 
to determine the presence of stoichiometry in 
the (GaAs)Ge films, and we therefore realized 
that it was still advantageous to use L8, peaks 
for quantification because now the influence of 
the tail of the As L, peak on the Ga L8i signal 
was almost the same as that when they were cal- 
ibrated, The percentage of the As L; peak tail 
under the Ga L81 peak was thus the same. As 
for the As L8,; and Ge LB, peaks, the interfer- 
ence from nearby L peaks is almost negligible. 
Therefore, the selection of Lf, lines for quan- 
tification instead of La lines should improve 
the accuracy of stoichiometry determination, 
This gain is at the expense of the peak-to-back- 
ground ratio by about a factor 2 because, in 
general, a reduction in the intensity of an LB 
peak is about half of that of an Lo, peak; that 
was not the problem here since none of the 
three elements in the samples of our interest 
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was near the detectability limit. The Li 
lines were used for analysis of a typical 
(GaAs)Ge sample with a nominal 30at% Ge. The 
results of five analyses from this sample are 
Ge/Ga/As = 22.73/38.68/38.60, 22.86/38.57/ 
38.58, 22.68/38.83/38.49, 22.81/38.43/38.77, 
and 22.59/38.93/38.48. Therefore, we are 
reasonably confident that the GaAs component 
in this sample is near the stoichiometric com- 
position. * 


Presence of Nonstotchiometry of the GaAs 
Component. When the question whether nonstoi- 
chiometry of the GaAs component in some films 
could exist was investigated, it seemed that 
the La peaks might serve the purpose better, 
as discussed below. It was noted (Fig. 1) 
that, although the As L; peak is slightly far- 
ther away from the Ga L8; peak (by AA = 0.005 
nm) than is the Ge Lg, peak from the As La 
peak (by AA = 0.003 nm), the intensity of the 
tail of the As Li peak under the position of 
the Ga L8; (1.10205 nm) was equivalent to 
1.02% of the As La peak intensity, as could be 
directly measured from the recorded InAs spec- 
trum. Also, the intensity of the tail of the 
Ge L&y peak under the position of the As La 
was equivalent to 0.531% of the Ge La peak in- 
tensity, as could also be measured directly 
from the recorded Ge spectrum. In the present 
work, we have investigated a group of (GaAs)Ge 
films where the contents of the Ga, As, and Ge 
elements were rougly the same in terms of 
atomic percentage. If the x-ray generation 
cross sections of the three elements are about 
the same, the Ga L8; peak apparently contains 
slightly more interference intensity from oth- 
er elements than does the As La peak. Since 
the Ga and As peaks were calibrated with a 
single GaAs compound standard, the intrusion 
of the As L; tail into the Ga L®; peak would 
not be a problem, if the GaAs component in the 
sample is in good sotichiometry. However, the 
error of using L8 lines to deal with nonstoi- 
chiometric compositions would increase as the 
nonstoichiometry increases. 

On the other hand, we might still use La 
peaks for quantification, if additional data 
processing is considered, as shown below. We 
have noticed that the intensity of the tail of 
the Ge L8, peak under the position of the As 
La peak is equivalent to 0.531% the Ge La peak 
intensity. If an equivalent amount of 0.531% 
Ge La peak signal intensity is subtracted from 
the collected As La peak intensity (after the 
background subtraction), the correct As content 
could be obtained. Shown in Fig. 2 is the re- 
sult for a group of samples under discussion 
whose x-ray signal data had been collected with 
respect to the La peaks, with all the As Loa 
peak intensities then subtracted by an equiva- 
lent amount of 0.531% Ge La peak intensities. 
From this figure, we see that the GaAs compo- 
nent in this group of (GaAs)Ge MBE films clear- 
ly shows deivation from stoichiometry. This 
nonstoichiometry was achieved during the film 
growth by variation of the ratio of fluxes of 
Ga and As and changing the substrate tempera- 


ture.* The correlation between the degree of 
nonstoichiometry and the growth conditions will 
be discussed in a separate publication. 


X-ray Emergence Depth. In the present work, 
we were dealing with thin films 0.5-1.5u thick, 
so that we had to use an accelerating voltage 
below 10 kV. The effect of the acceleration 
voltage on the x-ray emergence depth can be 
seen from the following experiments. The 8kV 
voltage was applied to a sample consisting of a 
Ge film 0.51 um thick deposited on a GaAs sub- 
strate. The computed composition of this sam- 
ple on the average was approximately Ge/Ga/As = 
98.6/0.7/0.7 in atomic percentage. The tiny 
amount of x-ray signal from the substrate which 
had reached the spectrometers could affect the 
actual composition determination of a film if 
its thickness approaches 0.5 um. Therefore, 
the acceleration voltage should be further re- 
duced for films of this thickness. The same 
voltage was also applied to a thin film of pure 
Ge 1.07 um thick deposited on a GaAs wafer, and 
the nominal amount of Ga and As in the film was 
computed to be less than 0.lat%. However, when 
a voltage of 12 kV was applied to the same sam- 
ple and Ka peaks were used for quantification, 
the nominal amount of Ga in the film was com- 
puted to be about 6% and the As content was 
zero, 


Conelustons 


In this work, we were working on thin 
(GaAs)Ge films 0.5-1.5 up thick. In order to 
avoid the interference of the x rays generated 
from the substrate, we had to employ a low ac- 
celerating voltage. From experiments, we rea- 
lized that the voltage had to be lower than 10 
kV, and therefore the L peaks of the three ele- 
ments had to be used for quantification. The 
next important consideration was how to reduce 
or eliminate the influence of the interference 
between various L line x-ray signals. To de- 
termine the stoichiometry of the GaAs component 
in the films, we argued that it was best to use 
the L8; peaks for the purpose if the Ga and As 
peaks were calibrated with a single GaAs com- 
pound standard. To determine the nonstoichiom- 
etry of the GaAs component in some MBE films, 
we showed that the La peaks could serve the pur- 
pose better provided that the interference of 
the Ge L8, peak to the As La peak was accounted 
for by subtraction of an equivalent amount of 
0.531% Ge La peak intensity from the As La 
peak intensity. 

Therefore, in the present electron microprobe 
work, we were able for the first time to demon- 
strate that the GaAs component in the (GaAs)Ge 
films can be made either in stoichiometric com- 
position or in nonstoichiometric composition, 
by a change in the epitaxial growth conditions. 
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MICROANALYSES OF STRUCTURAL DEFECTS IN POLYMER-DERIVED CERAMIC FIBERS 


H. A, Freeman and J. A, Rabe 


Fiber-reinforced ceramic matrix composites are 
undergoing investigation as candidate materials 
for demanding structural high-temperature ap- 
plications, When properly fabricated, these 
composites are not expected to exhibit the 
brittle, catastrophic failure mode typical of 
traditional ceramics and they should be far 
more resistant to oxidation than carbon/carbon 
composites. High fiber strength is necessary 
to provide the desired reinforcement and tough- 
ening. Retention of these properties and over- 
all stability of the composite in specific en- 
vironments assure the best performance. Unfor- 
tunately, commercially available ceramic fibers 
often degrade during fabrication steps or sub- 
sequent use.’ For example, fibers with a pri- 
marily Si-C-O composition may evolve CO and SiO 
in certain circumstances,? which leads to SiC 
grain growth and porosity development that act 
as critical flaws to weaken the fiber. 

An Si-N-C-0 fiber has now been developed 
through the pyrolysis of a hydridopolysilazane 
(HPZ) polymer precursor. It displays signifi- 
cantly improved high-temperature compositional 
and microstructural stability. However, the 
tensile strength of early versions declined in 
a manner similar to that of Si-C-O fibers even 
under conditions where the HPZ fiber suffered 
no other detectable changes. Since the full 
benefit of the improved bulk stability was not 
being realized, a program has begun to under- 
stand and eliminate causes of this strength 
loss. 


Experimental 


HPZ fibers were exposed in a tube furnace 
to temperatures of 1400 C or more for varying 
times under atmospheres of argon or nitrogen. 
Primary fracture surfaces from single-filament 
tensile test specimens were then captured*® and 
examined individually. Scanning electron im- 
ages showed all critical defects to be small 
localized sites of degradation or structural 
change in otherwise unaltered fibers that were 
typically 12 um in diameter. Three general de- 
fect types were found: 
sions in the fiber interior (Figs. 1-4), sur- 
face pits sometimes associated with granular 
aggregates (Fig. 5), and single crystals or 
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roughly spherical inclu- 


clusters of crystals growing from the fiber 
surface (Figs. 6 and 7). 

Microanalyses were performed on these de- 
fects with a Cameca MBX scanning electron mi- 
croprobe and a JEOL JEM 2000FX analytical 
electron microscope equipped with a Noran In- 
struments Micro-ZHV ultrathin window detector 
(EDS) and TN 5500 system. Electron diffrac- 
tion analyses were also conducted. 


Results 


The roughly spherical internal inclusions 
located in fracture planes of a series of HPZ 
fibers were found to contain a small amount of 
Pb in addition to the usual Si, C, N, 0, and 
minor Cl (Fig. 1). Others, in addition, con- 
tained Sn (Fig. 2). Seen in profile (Fig. 3), 
one such Pb-containing inclusion exhibited a 
somewhat irregular surface with small protrud- 
ing crystals identified as SiC by electron 
diffraction (Fig. 4). 

A second type of defect responsible for the 
initiation of fracture showed a pit containing 
a minute particle and surrounded by a slightly 
granular halo (Fig. 5). Energy dispersive 
x-ray analyses (insets in Fig. 5) revealed a 
small] amount of Ca, possibly some Al, and a 
level of O higher than that typical of the fi- 
ber surface. Granular aggregates contained 
within other surface depressions were found to 
contain Fe and Cr. 

Fine growths of single crystals and whisker 
aggregates at discrete sites on the HPZ sur- 
face also initiated tension fracture. Some of 
them were identified as silicon oxynitride by 
electron diffraction (Fig. 6). Clusters of 
crystalline Si3N, whiskers on other fiber 
specimens (Fig. 7a) contained Fe and Ni at 
their somewhat enlarged tips (Fig. 7b). These 
whiskers were apparently formed via a VLS 
whisker growth mechanism’ where Fe/Ni particu- 
Jates were present at the fiber surface. 


Conelustons 


The evidence suggested that the defects 
were induced by concentrations of catalytic 
species introduced in the form of particulate 
impurities. Many of the detected impurities 
have been reported to degrade ceramic fibers” 
or profoundly to affect the course of nitri- 
dation and other processes®’’ related to 
Si-N-C-0 ceramic degradation reactions. Micro- 
scopical analyses performed on the polymer 
precursors traced back some of the impurities 
to specific process stages (Fig. 8) and sug- 
gested ways of minimizing their occurrence. 
Ceramic fibers with lower impurity levels have 
now been produced that retain their 
strength better after elevated temperature 
exposure. 


FIG. 1.--Interior spherical inclusion flaw on primary tensile fracture surface of HPZ fiber: 

(a) fractured end with flaw, (b) EDS spectrum from the flaw. 

FIG. 2.--Spherical inclusion containing Pb and Sn (inset EDS analysis). 

FIG. 3.--Transmitted image of spherical inclusion profile from tensile fracture fiber surface 
(lower inset), EDS spectrum (upper inset). 

FIG, 4.--Spherical inclusion from Fig. 1, electron diffractogram (inset) 

FIG. 5.--Surface pit with central particle, EDS spectrum of pit (lower inset), typical spectrum 
from fiber surface (upper inset). 
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FIG. 6.--Silicon oxynitride whisker aggregate on fiber surface, electron diffractogram (inset). 
FIG. 7.--VLS whisker growths, (a) extending from fiber, (b) EDS spectra of silicon nitride stalk 


and bulbous tips containing Fe and Ni. 


Bar scale 


= 10 um. 


FIG. 8.--Particles isolated from polymer precursor: #1-diatomite; #3-silicates containing Fe and 


Ca; #4-Fe, Cr, Ni metal particle. 
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A MACINTOSH INTERFACE FOR THE CAMECA CAMEBAX-MICROBEAM ELECTRON MICROPROBE 


C. E. Henderson 


Over the past few years it has become apparent 
in our multi-user facility that the computer 
system and software supplied in 1984 with our 
CAMECA CAMEBAX-MICROBEAM electron microprobe 
analyzer has the greatest potential for improve- 
ment and updating of any component of the in- 
strument. Aithough the standard CAMECA soft- 
ware running on a DEC (Digital Equipment Cor- 
poration) PDP-11/23+ computer under the RSX-11M 
operating system can perform almost any task 
required of the instrument, the commands are not 
always intuitive and can be difficult to remem- 
ber and frustrating for the casual user (of 
which our laboratory has many). Given the wide- 
spread and growing use of other microcomputers 
(such as PCs and Macintoshes) by users of the 
microprobe, the PDP has become the "oddball" 

and has also fallen behind the state of the art 
in terms of processing speed and disk storage 
capabilities. Upgrade paths within products 
available from DEC are considered to be too ex- 
pensive for the benefits received. After using 
a Macintosh for other tasks in the laboratory, 
such as instrument use and billing records, word 
processing, and graphics display, its unique and 
"friendly" user interface suggested an easier- 
to-use system for computer control of the elec- 
tron microprobe automation. Specifically a 
Macintosh IIx was chosen for its capacity for 
third-party add-on cards used in instrument con- 
trol. 


Hardware 


An RS-232 serial line from the Macintosh com- 
puter to the built-in CAMECA microprocessor con- 
trols the stage and spectrometer automation. In 
addition there are four 16-bit parallel lines 
for electron beam control and video signal digi- 
tizing. These input/output (1/0) functions are 
performed by the addition of a Creative Solu- 
tions Hurdler-HQS quad port serial board and two 
National Instruments NB-DIO-32F parallel 1/0 
boards into three of the Macintosh's NuBus 
slots.*** Custom cables were fabricated to con- 
nect the new cards to the existing cabling of 
the microprobe. Changeover between the Macin- 
tosh and the older PDP-11 computer systems takes 
about 5 min; only one minor and reversible modi- 
fication to the CAMECA automation electronics is 
necessary. 


Software 


Software source code supplied with the CAMECA 
probe was written in FORTRAN-IV and PDP-11 as- 
sembly language. For ease of software conver- 
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sion, FORTRAN was chosen as the programming 
language on the Macintosh; specifically the 
FORTRAN-77 compiler supplied by Language Sys- 
tems Corporation was selected for its ability 
to be used in the Macintosh Programmer's Work- 
shop (MPW) programming environment.*??* MPW 
will link subroutines written in several lan- 
guages, such as Pascal, C, or FORTRAN, to allow 
for greater flexibility in future software mod- 
ification. Initial programming efforts concen- 
trated on the emulation of the PDP-11-based 
system. Original assembly language routines 
for input and output of control data to the 
microprobe automation were rewritten in FORTRAN 
and carefully tested, The CAMECA program, CMB, 
which contains many small subroutines to con- 
trol all aspects of the instrument automation, 
was also successfully converted to the Macin- 
tosh and correctly operated the microprobe 
stage, spectrometer, and beam control automa- 
tion. 

The next phase of programming involves the 
implementation of a true Macintosh user inter- 
face and the integration of instrument control 
and data reduction into three distinct applica- 
tions: qualitative analysis, quantitative 
analysis, and instrument setup/testing. As an 
aid to implementing the Macintosh interface, a 
commercial package of precompiled resources 
(FaceWare Pack) is being used to control in- 
terface items such as pull-down menus and dia- 
log boxes for user data entry. The Macintosh 
program MBX (qualitative analysis) has been 
written and includes many features that make 
the use of the microprobe more intuitive to the 
average user. We hope that controlling the mi- 
croprobe with programs such as MBX will allow 
users to concentrate less on specific software 
commands and more on the methods and results of 
Microanalysis. Next, applications will be 
written to handle quantitative analysis and in- 
strument testing. Other applications, such as 
image acquisition/processing and special data 
reduction routines, should follow. 


Advantages and Disadvantages of the Macintosh- 
based System 


Advantages 


1. Ease of use by different users due to the 
"friendlier" Macintosh user interface. 

2. Greatly increased processor and disk 
speed over the PDP-11-based system. Hardware 
upgrades are available to increase processor 
speeds further. 

3. Availability of a wide variety of third- 
party hardware and software. 

4, Relatively low cost, as compared to other 
minicomputers and workstations. Cost to equip 
a Macintosh II series computer with the neces- 


2.3 


sary communications boards is approximately 
$1600. 

5. Ease of connectivity with other computers, 
printers, and networks through Appletalk and 
Ethernet. Data can be easily shared in a local 
network of Macintoshes and PCs. 

6. Since the source code has been completely 
reworked and updated, future programming should 
be Less difficult, 

7. Dedicating the existing PDP-11/23+ to the 
Kevex 8000 analyzer allows the latest Kevex 
RT-11 software for EDS analysis and digital im- 
aging to be used concurrently with probe auto- 
mation software, 


Disadvantages 


1. Loss of combined EDS-WDS analysis capabil- 
ity. Perhaps the Kevex EDS system could be in- 
terfaced to the Macintosh at some later date. 

2. Loss of the multi-user, multitasking ca- 
pabilities of the DEC RSX-11M operating system. 
With other networked computers that can share 
data from the microprobe computer, this feature 
becomes less important. 
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IN SITU ION BEAM CLEANING IN A CAMBRIDGE S-200 SEM 


F.C, Laabs 


The increased 
croscope as a 
sulted in its 


use of the scanning electron mi- 
flexible analytical tool has re- 
application to a variety of prob- 
lems based on signals that originate or are 
controlled by surface properties, including 
cyrstallographic orientation, contamination, 
and structural deformation of the surface layer. 
This paper describes results and observations 
of efforts to control and remove that layer 

by energetic argon ion bombardment. 


Experimental 


A Kratos Mini-Beam I ion gun was attached to 
a Cambridge Model S-200 scanning electron micro- 
scope; the horizontal port normally occupied by 
an energy-dispersive spectrometer was used 
(Fig. 1). The EDS spectrometer was moved to a 
position 35° above the port position. This con- 
figuration results in the ion gun lying in a 
plane perpendicular to the electron beam and 
A5° to the tilt axis, necessitating tilting the 
sample toward the ion beam during ion bombard- 
ment and, more important, sputtered material is 
directed away from the EDS detector. No auxil- 
tary or differential pumping of the ion gun was 
found necessary in that only marginal vacuum 
degradation was experienced (4 x 107° rather 
than 2 x 10°° Torr) with ion beam conditions of 
5 wa at 2.5 kV. 

A thin film sandwich of 1150R Ni on a 590K 
Si0, film on a pure Si substrate was used to 
establish an erosion rate of 1120X/min under 
the aforementioned operating conditions. Figure 
2 shows the size and shape of the resulting 
crater at a 45° sample tilt and an ion exposure 
time of 5 min. 

Originally the SEM operation and ion clean- 
ing operation were separated, since ion bombard- 
ment generates great numbers of secondary elec- 
trons that in turn flood the secondary electron 
detector system. However, during the examina- 
tion of native oxides on aluminum it was ob- 
served that a residual level of oxygen was 
reached that could not be further diminished. 
Subsequently, experiments were conducted in 
which the electron beam and EDS spectral collec- 
tion continued simultaneously with ion-beam 
bombardment. Figure 3 shows the results of this 
examination. The oxygen concentration dropped 
to zero and the ion beam was shut off, where- 
upon the oxygen concentration rose to the resid- 
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ual level previously observed. The likely ex- 
planation is that at the vacuum level of 3 x 
10°° Torr there is enough partial pressure to 
allow the development of an oxide layer that 
passivates the surface and reduces further 
oxide growth. 

Figure 4 shows a typical SEM-SEI micrograph 
of an ion cleaned region of a 6061 Al sample. 
Upon casual examination one might conclude that 
it exhibits classical diffraction contrast, 
especially in that the grain structure is 
clearly visible. However, tilting the specimen 
as shown in Fig. 5S (in which each micrograph 
differs from the next by 10° of tilt) causes no 
change in relative contrast of the various 
grains, which suggests that the contrast mech- 
anism must be something other than diffraction. 
Figure 6 shows a higher magnification micro- 
graph of a grain boundary shown in Fig. 5. It 
can be seen that the contrast mechanism is in 
fact a "textural'' change due to the variability 
of ion beam erosion with respect to crystallo- 
graphic orientation. Figure 6 also suggests 
that surface deformation might in fact be se- 
vere enough to negate use of the diffraction 
contrast mechanisms in the imaging mode. To 
check on this possibility the sample was elec- 
trolytically repolished and reexamined under 
conditions more optimum for diffraction con- 
trast. Figure 7 shows both backscattered elec- 
tron images and selected area electron channel- 
ing patterns both in the ion-crated area and in 
the adjacent electrolytically polished area. 

It is immediately apparent that the region 
within the ion crater does not exhibit clear 
SACP or images showing crystallographic orien- 
tation, which suggests relatively severe sur- 
face deformation within the first few microns. 

6061 aluminum normally contains a variety of 
precipitates; one is Mg,0, which is sensitive 
to pH of routine polishing solutions and slur- 
ries and is often lost before it can be analy- 
tically examined. To this end numerous precip- 
itates, both in the mechanically polished and 
electrolytically polished sample, were examined 
by ultrathin-window EDS techniques and were 
compared to precipitates in the ion-etched re- 
gions of the same sample. Specimens prepared 
by the traditional mechanical polishing methods 
showed large variations and inconsistent compo- 
sition of the observed precipitates. In the 
case of electrolytic polishing all traces of 
the Mg,0 precipitate were gone, whereas precip-~ 
itates detected in the ion crater region clus- 
tered consistently into expected compositions. 


Cone lLustons 


The use of in situ ion milling for analyti- 
cal EDS examinations adds considerably to the 
accuracy of EDS results and can enable x-ray 
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FIG. 1.--Side view of Kratos ion gun installation. 

FIG. 2.--Typical ion crater shape under normal operating conditions. 

FIG. 3.--EDS depth profiling with both electron beam and ion beam operating simultaneously. 
FIG. 4.--Typical SEI of ion-cratered region, illustrating apparent grain structure. 

FIG. 5.--SEI tilting results (A: +10°; B: +20°; C: -10°; D: -20°). 

FIG. 6.--"Textural" changes at boundaries. 
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FIG. 7.--Signal response vs polishing technique comparison (M 
E = electrolytic polishing; I = in situ ion milling). 


emission studies in depth profiling with results 
similar to SIMS and Auger. However, it can in- 
troduce morphological artifacts that can mask 
and in some cases completely suppress signals 
that depend on electron channeling mechanisms. 
In cases where this could be an adverse effect 
one can minimize the ion milling time to the 
smallest amount necessary to remove normal sur- 
face contaminates, thereby minimizing substrate 
deformation. 
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A PERSPECTIVE OF THE HISTORICAL DEVEL 
MICROPROBE SP 


M. Delhaye and P. 


The Historteal Evolution of Raman "Microsampling" 


Imnediately following the discovery of the 
Raman effect, the usefulness of recording Raman 
spectra for applications in chemical micro-~ 
analysis was widely recognized. But the early 
instruments that photographically recorded the 
Raman spectra excited with a mercury lamp were 
at that point time consuming and cumbersome. 
The relatively low level of illumination 
generated by such incoherent monochromatic 
light sources required the sample volume to be 
at least of the order a few milliliters in size. 

A very notable advance was achieved in the 
1950s with the introduction of photoelectric, 
direct-recording Raman instruments. For 
example, the Cary Model 81 Raman spectrometer, ! 
introduced in 1953, constituted a decisive 
advance because of its relative ease of oper- 
ation, sensitivity, and reproducibility. The 
use of image slicers, which made it possible to 
use the light coming from a large area of the 
Raman cell instead of only a strip in the 
center, increased the sample light efficiency. 
Another important advance was the introduction 
of capillary cells only a few tenths of a 
milliliter in diameter. 

The first Raman experiments that used a 
laser source (ruby emitting at 6943 A, He-Ne 
at 6328 A) were reported by Porto and Wood? in 
1962 and Kogelnik and Porto? in 1963. They 
still used a large cell in order to take 
advantage of total internal reflections at the 
cell walls. The first commercial laser Raman 
spectrometer, LR1, was proposed by Perkin Elmer* 
and used a nonfocused 4mW He-Ne laser and a 
double-pass Littrow monochromator. A smaller 
probed volume of 0.2 ml was reported in 1965 by 
R. C. Hawes° using the modified Cary 81 Raman 
spectrometer equipped with an He-Ne laser. 

In 1966 two papers®>’ clearly established 
the interest of focusing the laser beam to a 
small waist in a microsample. By considering 
the conservation of beam spread through the use 
of coupling optics between the irradiated sample 
volume and the monochromator or spectrograph, 
it proved the feasibility of microsampling down 
to microliter-size volumes. As early as 1967, 
through the use of glass capillaries, it became 
possible to obtain useful spectra from an effec- 
tive scattering volume of 0.04 microliter® and, 
in 1969, 7 nanoliters.’ B. Schrader proposed 
the use of highaperture aspherical objectives 
coupled to interference prefilters in 1972.10 

In 1973, T. Hirschfeld!! first published the 
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6 
Photon Beam Microanalysis 


OPMENTS AND FUTURE TRENDS IN RAMAN 
ECTROSCOPY 


Dhamelincourt 


revolutionary idea he had proposed in a 
private communication several years earlier: 
the laser power contained in a diffraction- 
limited spot should be sufficient to enable 
the measurement of the Raman spectrum from a 
lum? sample volume (femtoliter). This state- 
ment was first verified independently at NBS 
(USA) and at CNRS. (University of Lille). 
Abstracts of papers related to real micro- 
Raman spectroscopy were presented at the 
Fourth International Conference on Raman 
Spectroscopy in 1974.12,!13 The instrument 
developed at NBS!* was especially designed to 
analyze single micrometer-size particles. 
Briefly, it was a conventional laser Raman 
Spectrometer, HG 2 S (1.S.A.}, in which the 
sample holder had been replaced by a state- 
of-the-art fore optical system with components 
designed to focus the laser beam tightly, in 
backscattering geometry, on the particle to 
be analyzed and to collect the scattered light 
efficiently by means of a high-numerical 
aperture ellipsoidal mirror with an extremely 
sophisticated micropositioning system. 

In our laboratory at Lille, we more spec- 
ifically attempted to benefit from the excel- 
lent characterization offered by Raman spectra 
to map out the distribution of chemical sub- 
stances in a heterogeneous sample. 

From our experience in many techniques and 
applications of Raman studies, including 
multichannel detection, we decided to create 
a new instrument we called "MOL," for molecular 
microprobe, combining both local nondestructive 
Raman microanalysis and sample mapping. We 
started out with the tool of the microscopist-- 
the optical microscope--to take advantage of 
all existing capabilities of optical micro- 
scopy (dark- and bright-field sample illumina- 
tion, large field, and high-quality images). 
We proposed both point illumination by a 
diffraction-limited laser beam using the 
existing beamsplitter and global illumination 
of the whole field by use of dark-field annular 
illuminators. As a result, we published the 
first Raman micrographic images taken in mono- 
chromatic light corresponding to a given 
vibrational mode, in combination with multi- 
channel spectra characterizing micrometer- 
sized areas.19 

An industrial prototype was shown at the 
Fifth ICORS in 1976 and the commercial Raman 
microprobe (MOLE) was constructed under 
licence by [.S.A. between 1977 and 1980. The 
U-1000 spectrometer that followed no longer 
possesses the imaging capability. By the 
time, Raman microprobing techniques had 
matured and a large number of applications 
were described mainly by the two pioneering 


laboratories mentioned above. 

The next boost to Raman techniques and 
particularly to micro-Raman was given by the 
appearance on the market of efficient multi- 
channel detectors (i.e., silicon diode array, 
C.C.D.}. As emphasized by Bridoux and coworkers 
in 1963,1© multichannel detectors offer great 
advantages over scanning techniques in terms of 
sensitivity and recording time. Thus, in 1980, 
again in close collaboration with French 
industry (the DILOR company), we developed a 
new Raman microprobe employing spectrographic 
dispersion using an intensified Reticon diode 
array as the detector. In this instrument, the 
entire optical system has been redesigned to 
optimize the coupling between the sample and the 
multichannel detector together with improved 
stray light rejection. Approximately at the 
time, micro-Raman instruments using commercial 
multiplex detection systems were developed by 
various companies (Spex Industries, Instruments 
SA, Jasco, and others) or assembled by 
researchers in laboratories.!7>18 

The Raman microprobing instruments available 
at present have achieved a high degree of 
sophistication. More particularly, the acqui- 
sition and handling of data by the computer that 
controls the instruments permit a quasi- 
automation of the analysis. A perspective of 
Raman microanalysis in terms of optical micro- 
scopy, polarization measurements, coupling with 
other microbeam analysis techniques, etc., has 
recently been presented in Microbeam Analysts-- 
1987-88.19:20 We shall emphasize Raman mapping 
and imaging techniques which, due to the 
emergence of very sensitive two-dimensional 
multichannel detectors and lower stray light 
monochromators, should become a more widely 
used technique of heterogeneous sample analysis. 


Summary of the Prinetples of Raman Microprobing 


In a very general form the total intensity 
of Raman light scattered from a volume V of 
homogeneous sample matter is given by: 


- 2 
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where E é and E,_ are the electric vectors 
for the exciting radiation and the scattered 
radiation, respectively. 

Complete calculations of the distribution 
of the electric field E in the region of the 
waist of a potay ited laser beam have been 
published.2! A good theoretical basis is also 
available on the scattering tensor ayy7z' 
related to the polarizability tensor of the 
molecules, and the electric vector Ec,. 
Particularly, their angular dependences, which 
are theoretically established from the molecular 
orientations, are characterized in Raman polar- 
ization measurements.*2 However, in a given 
experimental configuration, the most difficult 


task is to evaluate the integrals » which 
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have to be calculated for the whole observed 
volume V and the whole solid angle of collec- 
tion &. 

Several levels of possible approximations 
have been proposed. For instance, the follow- 
ing expression is most often used: 


7 xe] 
I, = Io 70 QN 


where N is the number of molecules observed, 
Ip9 is the irradiance of the exciting light at 
the sample (Watts per unit area), and 30/92 
is the differential cross section for a given 
Raman band (of the order of 10739 cm? sterad-! 
molecule-!), assuming that the irradiance Ig is 
uniform in the volume V and the scattering is 
also uniform over the angle ©. This useful 
approximation often results in the erroneous 
conclusion that the Raman signal Ip, propor- 
tional to the number of molecules N, is then 
strictly proportional to the observed volune V. 
In fact the volume and the angle of collection 
are not independent. We demonstrated in early 
papers®>? that focusing the laser beam to a 
small spot dramatically increases the local 
irradiance Ig and enables a much wider angle 
of collection by means of an optical system 
coupled to the spectrometer, which compensates 
for the decrease of the number of molecules N. 
A more complete calculation of the Raman 
signal has to take into account two factors of 
prime importance: (a) the shape of the laser 
beam around the focal region; and (b) the 
optimized optical coupling from the scattering 
sample to the photoelectric detector, via the 
collection optics and the monochromator and/or 
spectrograph. 


The Raman Mieroprobe as a "Confocal Laser 
Microscope" 


The equations governing the properties of 
focused laser beams were published as early 
as 1965.23 More recently, the interest in the 
results of such calculations has been renewed 
by the development of "confocal optical 
microscopes," which improve both the lateral 
resolution and the optical tomography 
capabilities.2* 

The Raman microprobe was really conceived, 
at its origin, as a "confocal microscope" and 
demonstrated clearly the potentialities of 
such instruments. Unfortunately, most 
instrument makers seemed to ignore this intrin- 
sic feature of the original Raman microprobe, 
and were happy enough offering the market an 
approximate association of an existing micro- 
scope, through an existing monochromator, to an 
existing photodetector system. 

In fact, a real confocal configuration 
requires a very accurate optical alignment and 
a high degree of stability and reproducibility 
of the mechanical and optical adjustments. 
These qualities are only encountered in the 
instruments specially designed for this purpose, 
and the demonstration of confocal performance 
constitutes a good test of the excellence of 
a Raman microprobe. 
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FIG. 1.--Geometry of Gaussian TEMg9 laser bean 
focused by convergent system of focal length 
F. Z , and Zy are the distances of the optical 
center of the system to laser cavity waist and 
focal zone, respectively. 2 Wo; and 2Wo> are 
beam waists inside laser cavity and at focal 
zone, respectively. E is thickness of sample 
positioned at focal zone. 


The shape of the beam generated in the laser 
cavity is a hyperboloid characterized by the 
"waist" diameter 2W 9; corresponding to a plane 
wavefront, and by the asymptotic divergence 
angle 20 defined at 1/e? intensity for the 
Gaussian mode TEMgg propagating as a spherical 
wavefront. Typically, the waist diameter of an 
argon laser is of the order of 30004, which 
corresponds to a divergence angle a = 1/3000 = 
3x 107" rad. 

The laser beam, received by a convergent 
aberration-free optical system, made of lenses 
or mirrors, is focused again to a "waist" 2Wgo 
where the wavefront becomes plane again, accord- 
ing to the equation 


TWo1 2 


r 


1 ih 


—e es 1-2 + 
Woo2 Wo F 


where Z is the distance on the optical axis and 
F is the focal length of the convergent system 
(Fig. 1). 

Use of any of the now available excellent 
microscope objectives, with short focal length 
(1 to 5 mm) and high numerical aperture (N.A. 
=n sin 6) ranging from 0.5 to 0.95 in air or 
1.40 in homogeneous immersion liquids, results 
in a diffraction-limited laser waist 
2Wo2 ~ 1.22A/(n sin 6) of the order of 0.6 um 
for the visible radiation of an argon laser. 
The local irradiance in this section of the 
beam, a fraction of a square micrometer, reaches 
an extremely high value, even for moderate 
laser power. For example, 1 mW of laser power 
focused on a 0.6um circular area corresponds to 
a local irradiance of I = 300 kW cm-2. 

With the use of a beam splitter, the same 
microscope objective can collect the scattered 
Raman radiation (Fig. 2). This configuration 
takes advantage of the wide solid angle Q to 
collect a large part of the available Raman 
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FIG. 2.--Schematic diagram of widely adopted 

laser-focusing, sample viewing, and scattered 
light collection geometries for Raman micro- 

probing. 


signal. For example, the collected fraction 
of the energy, assuming a uniform scattering 
in 4n steradian, is given in Table 1, for 
various photographic or microscope objectives. 


TABLE 1.--Fraction of collected energy as a 
function of objective numerical aperture (NA). 


Fraction? of 
collected energy 


(2/41) 


Objective 
Photographic | Numerical 
F number aperture 
(NA = n sin 6) 


2n({1 ~- V1 - NA?). 


B, = half-angle of collection. 


4) (steradian) = 


Axtal and Lateral Resoluttons 


The confocal optical configuration, shown 
in Fig. 2 for a typical Raman microprobe 
arrangement, requires both excellent focusing 
properties of the microscope objective and 
imaging of the observed sample zone on a 
pinhole diaphragm optically conjugated with 
the waist 2Wgo (Fig. 3). The incident beam is 
coherent, whereas the scattered beam is 
incoherent, which implies different calcula- 
tions in the optical computing of the beam 
paths. 
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FIG. 3.--Magnitude of scattered light flux 
(arbitrary units) collected after exit pinhole 
(cf. Fig. 2) from very thin slice of sample as 
a function of its vertical position. The Z = 0 
value is for slice positioned at laser beam 
waist (2Wo2). Do and a are diameters of image 
of laser beam waist as given by ojective and 
pinhole, respectively. Calculations were made 
for Leitz objective (y = 100x, NA = 0.9). 
Reduction of pinhole diameter results in 
decrease of depth of field. 


Even for the widest angle of collection by 
means of a high-aperture objective, the beam 
geometrical spread U = (sxS)/L*, where s is 
the pinhole area, S the pupil or exit aperture 
top of the microscope objective, and L is the 
distance between the pinhole and aperture top, 
is always much smaller than the geometrical 
spread of a conventional grating monochromator 
(and obviously of that of a Michelson inter- 
ferometer, such as those used for FT Raman 
experiments in the near IR). 

The role of intermediate coupling optics is 
essentially properly to cover the aperture of 
the grating dispersor so as to insure the 
desired spectral resolution. As a consequence 
of the conservation of geometrical spread U 
along the whole optical system, this coupling 
optics reduces the total magnification of the 
microscope system, giving a reduced image on 
the slit compared to the direct image given by 
the objective. Another obvious consequence of 
the invariance of U is that the use of a high- 
aperture collimator in the spectrometer is 
unwarranted and does not improve the luminosity. 

The axial and lateral resolutions thus 
depend both on the quality of laser focusing 
and on the spatial filtering of the incoherent 
scattered light path. This last factor, 
implemented by an image-field iris diaphragm 
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FIG. 4.--Measured intensity of Raman band at 
998 cm”! vs thickness of polystyrene sections. 
Pinhole diameter (cf. Fig. 3) was chosen to 
insure a = Dg. The change in curve slope 
observed at 2 pm is in good agreement with 
axial resolution estimated from Fig. 3. 


placed in the image plane of the sample, 
improves the axial resolution. With M. 
Truchet*° and the Dilor company, we have made 
a series of experimental verifications of the 
calculated axial resolution, using as test 
samples very thin sections of polystyrene. 
These specimens were obtained by use of a 
mechanical microtome giving reproducible 
thickness in the range from several micro-~ 
meters down to 50 nm. A plot of the measured 
Raman intensities vs the sample thickness is 
shown in Fig. 4 and clearly confirms the 
calculated axial resolution. Figure 5 gives 
the nonresonant Raman spectrum of the thinnest 
section (50 nanometers = 500 A = 4/10) 
obtained with a commercial microprobe system 
(DILOR XY) without any data treatment.2° The 
total amount of polystyrene observed in this 
experiment is of the order of 3 x 107!* gram. 


Raman Mapping and Imaging 


For most applications it is sufficient to 
sample a limited number of selected points 
over the sample surface (or below) and to 
relate identified chemical species to the 
image, as viewed in white-light illumination 
through the optical microscope. However, in 
many cases ther is no obvious relation between 
the optical image (color, morphology, reflec- 
tivity, etc.) and the distribution of chemical 
species. Sometimes there is no visual change 
at all over the observed area (e.g., stress in 
materials). For all these cases, sampling a 
few points is not sufficient, and Raman mapping 
or imaging at several characteristic wave- 
numbers is needed for an understanding of the 
nature of the species distribution across the 
sample. 

If the sample area is uniformly illuminated 
by the laser radiation, all the spatial and 
spectral information concerning the species is 
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FIG. 5.--Nonresonant Raman spectrum of thin section of polystyrene (thickness = 
Effective amount of mattey analyzed is a few femtograms (argon laser = 
= $14.5 nm, Raman microprobe is the XY DILOR). 


= 2/10). 
Model 164, eye 
Hirschfeld (see text) is at last realized. 
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the microscope, by stepping motors. Ideally, 
in dealing with an unknown sample, a complete 
spectrum should be recorded for each point 
analyzed from which spectral information of 
interest is extracted subsequently for Raman 
image reconstruction. 

This point-by-point complete analysis is, 
as is obvious, exceedingly time consuming 
even if the mapping system runs unattended. 
Moreover, the computer would require a memory 
of several hundred megabytes to store the data. 


| \ ne Nevertheless, the point illumination method 
ree is of great interest because, on the one hand, 
RAMAN A there is no need to modify an existing 
x SPECTRA instrument; and, on the other hand, because in 
ars N SPATIAL the conventional instrument configuration the 
IMAGE RESOLUTION Raman microprobe works like a confocal micro- 


INTENSITY PROFILES 


THO DINENSTONAL MAPPING 


FIG. 6.--Schematic representation of methods 
employed for obtaining images of samples from 
characteristic Raman lines. 


simultaneously available in the image space of 
the microscope objective under which the sample 
is being examined. But it is obvious that it 

is not feasible to deal with this total infor- 
mation in order to produce direct Raman maps. 

As early as 1975 we proposed three methods of 
sample laser illumination and instrument con- 
figurations to perform Raman mapping!° (Fig. 6), 
as follows. 


Potnt Illuminatton. The basic design of 
the instrument is that of a classical Raman 
microprobe equipped with an intensified diode- 
array detector with the sample moved beneath 
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scope with a well-defined axial resolution and 
the best stray light rejection capability. 

This method permits, for example, the genera- 
tion of Raman "tomographies" through transpar- 
ent materials with an axial resolution on the 
order of a few micrometers, or the analysis of 
highly reflective materials. In fact, few 
samples analyzed are totally unknown and it is 
sufficient to extract a limited number of 
useful spectral data (e.g., band positions, 

net integrated intensities, etc.) in order to 
reconstruct Raman images. Successful maps*® 
(400 points, providing 4yum laterial resolution) 
of methane inclusions in a quartz host have 
been built up in less than 1 h from net 
integrated intensities of lines at 2910 cm™ 
(CH,) and 464 cm! (quartz). 


1 


Line Illumination. A narrow rectangular 
area is formed on the sample, either by 
cylindrical optics or by scanning the laser 


beam, and then focused on the entrance slit of 
the monochromator. In the spectrograph objec- 
tive focal plane, where the detector has to be 
placed, and if the monochromator has been cor- 
rected for astigmatism, data in the x direction 
are related to wavenumber, and data in the y 
direction are related to species position on 
the sample surface (scanned line). 

With a monodimensional multichannel detector, 
the best instrument configuration results by 
positioning of the detector parallel to the 
scanned line y direction. Intensity profiles 
at a given wavenumber are thus directly 
obtained. If a reticon diode array is used 
(2.5mm pixel height), the size of the inter- 
mediate slit of the fore monochromator must be 
adjusted in order to maintain spectral 
resolution. 

With a two-diemsional detector, spectral 
and spatial data are simultaneously recorded 
and intensity profiles at several characteris- 
tic wavenumbers are generated. 

For both detectors, the size of the detector 
pixel along the y direction insures that the 
axial resolution is maintained (spatial 
filtering), but the stray-light rejection is 
poorer than in point illumination because the 


total height of the entrance slit is illuminated. 


Whatever type of detector is employed, Raman 
maps can be built up from intensity profiles by 
a succession of scanned lines in the x direc- 
tions. 

With 2D detectors, the binning process along 
the y direction commonly used to improve the 
signal-to-noise-ratio and to reduce integration 
time impairs spatial, lateral, and axial 
resolutions. This approach of exploration of 
the sample was employed by Veirs et al.27 ina 
macro-Raman experiment (40um lateral resolution), 
and by S. Kudo et al.28 and M. Bowden et al.29 
in micro-Raman experiments (few micrometers 
lateral resolution). 


Global Illumination. We reported in 1974 
the results of the first experiments on Raman 
micrography in which the entire sample was 
illuminated by laser radiation./3 A holo- 
graphic grating monochromator was modified so 
as to form an enlarged image of the sample on 
the grating and beyond on the photocathode of 
an intensified phototube. The axial and 
lateral resolutions of the optical microscope 
were conserved. This set-up was integrated in 
the first generation of the commercial MOLE 
microprobe, but a limitation of the 
instrument's performance was that it lacked 
sufficient sensitivity and spectral resolution 
to reveal weak lines and to discriminate Raman 
features from spectral background. Indeed, in 
this configuration the aperture stop of the 
microscope objective was imaged onto the widely 
opened slits in order not to impair the lateral 
resolution of the image. 

This Raman global imaging method is restrict- 
ed in that: it only gives information about the 
band selected by the filter, whereas information 
from the rest of the spectrum is lost. Never- 
theless, with sensitive 2D detectors (CCD, CID) 
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and recent spectrometers with high dispersion 
and virtually no stray light (e.g., five- 
stage monochromators developed by the DILOR 
company), this method acquires a renewed 
interest because it is the only one that 
permits quasi real-time imaging capability. 


Perspectives 


Mintmization of Fluorescence Interference. 
Fluorescence interference is still by far one 
of the greatest limitations encountered in 
Raman microanalysis. It is generally less 
severe than in conventional Raman spectro- 
scopy, because most of the time one can select 
a part of the sample that fluoresces less. 
Nevertheless, it is still hindering some sample 
analyse. Near-infrared (NIR) excitation 
permits one to minimize or suppress fluores- 
cence interference because most of the samples 
are not fluorescent when excited with radiation 
of wavelength of the order of 1 um, but that 
is done at the expense of a far lower sensitiv- 
ity. Indeed, this last consequence is caused, 
on the one hand, by the intrinsic 1/\* law 
for scattering efficiency and, on the other 
hand, by a lower sensitivity of the available 
detectors. The multiplex advantage of FT 
spectroscopy may partially compensate for 
weaker Raman signals, but the low-frequency 
range (< 200 cm7!) is always lost because of 
the filter used to cut off the Rayleigh line. 
Moreover, coupling a microscope with a 
Michelson interferometer is not straight- 
forward and cannot be done without loss of 
performance. For example, the Raman results 
reported by R. G. Messerschmidt and B. Chase?9 
in the analysis of a single Kevlar fiber 
by means of a commercial IR microscope cor- 
respond to a 12 x 20um analyzed area. That 
is very far from the spatial limit imposed by 
diffraction when samples are excited with 
near-IR radiation whose wavelength is around 
1 um. Moreover, even for relatively large 
samples, a loss of sensitivity of the IR 
microscope coupled to the FT interferometer 
compared to a macrosampling system is observed, 
probably because the optical coupling to the 
entrance aperture of the Michelson inter- 
ferometer is unfavorable and causes a loss of 
the 'Jacquinot'"' throughput advantage. A 
potential future advance should be the use of 
the new NIR-sensitive linear-array detectors 
that have recently appeared on the market. 
Indeed, efficient conventional NIR spectro- 
graphs exist and there is no limiation on the 
throuput by coupling of these instruments with 
microscopes. Another approach is the use of 
Hadamar spectroscopy, 34 which also uses 
conventional spectrometers or spectrographs; 
moreover, the encoding mask can effectively 
remove the Rayleigh line. However, only a 
few experiments have been reported so far. 


Coupling with Other Techniques. Separatton 
teehntques. Coupling Raman microprobing with 
thin-layer chromatography has already been 
described. With the use of capillaries to 
deposit the analyte of interest, spots with 


areas of the order of hundreds of square 
micrometers are easily attained and analyzed 
because of easy sample positioning. ?2 

Electron microprobe. The successful imple- 
mentation of a Raman system has been recently 
described by Delhaye and Truchet. 33 

Laser microprobes based on ion mass analysis 
(LAMMA or LIMA) should be the next ones amenable 
to coupling with Raman microprobing. 


Tunneling Optical Mieroscopy. Lewis et al." 
described a method that permits the resolution 
to be extended below the limit imposed by dif- 
fraction. The principle, first introduced in 
Microwave experiments, is in the "near-field" 
effects of an electromagnetic wave propagating 
through a hole whose dimension is much smaller 
than the wavelength. Laser light is sent into 
a metal-coated glass pipette of inner diameter 
down to several tens of nanometers. With a 
tunneling-microscope type of device, the 
pipette tip scans over the surface of the sample 
within the near-field condition. The authors 
reported not only super-resolution optical 
microscopy capabilities, but also the detection 
of fluorescence excited in this manner. The 
extension to vibrational microspectroscopy 
should be feasible in the near future, includ- 
ing perhaps Raman spectroscopy in situations 
where a strong enhancement by resonance excit- 
ation or by surface-enhanced Raman scattering 
(SERS) compensates for the inherent weakness of 
Raman phenomena. 
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RECENT ADVANCES IN THE ANALYSIS AND INTERPRETATION OF C-O-H-N FLUIDS BY 
APPLICATION OF LASER RAMAN MICROSPECTROSCOPY 


J. D. Pasteris, J. C. Seitz, Brigitte Wopenka, and I-Ming Chou 


The initial goal of Raman spectroscopic studies 
of fluids by physicists and chemists was a bet- 
ter understanding of molecular structure and 
intermolecular forces.}~* Beginning in the mid- 
1970s, geologists and other applied scientists 
became interested in laser Raman microspectros- 
copy (LRM)*7’ as a means of nondestructive 
analysis of fluid inclusions, which are minute 
volumes (tens of cubic micrometers) of fluids 
(with various densities) trapped in minerals. 
This paper briefly summarizes the application 
of LRM to the analysis of fluid inclusions, 
some of the existing Raman spectroscopic data 
on gases, and the need for more data on C-O-H-N 
gas mixtures at elevated pressures (up to about 
1000 bars). Some of our recently acquired ex- 
perimental data illustrate the kinds of quanti- 
tative information that can be extracted from 
Raman spectra of fluid inclusions. 


Background 


A major goal of geologists is to use field 
and laboratory observations to infer the tem- 
perature, pressure, and composition of a given 
system during rock formation or ore deposition. 
Because fluids are actively involved in many 
rock-forming processes, fluid inclusions 
trapped within minerals are studied as direct 
evidence of the pertinent system parameters. 
Due to the complex histories of many geological 
environments, individual minerals may contain 
several generations of fluid inclusions. Micro- 
analytical techniques therefore are required 
for the measurement of small quantities of ma- 
terials in individual inclusions, some of which 
are supercritical fluids at hundreds of bars 
pressure. 

Raman microspectroscopy has long been recog- 
nized as a qualitative technique for the iden- 
tification of covalently bonded dissolved aque- 
ous species (e.g., sulfate and carbonate) and 
volatile components (e.g., CO,, CHy, Nz) in 
fluid inclusions.°*”’ More recent LRM studies 
have explored means of improving quantitative 
analysis by examining the accuracy, reproduci- 
bility, and detection limits of the method via 
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studies of natural samples and synthetic mix- 
tures.°~1* The application of numerous LRM 
studies has provided data that are essential 
to the interpretation of geologic processes 
and that cannot, in many cases, be derived by 
other analytical techniques.°*1°"*® Dubessy et 
al.+® summarized some of the advances that 
have been made in the understanding of 
C-O-H-N-S fluid geochemistry based on the 
Raman microspectroscopic analysis of fluid in- 
clusions. 

Three aspects of quantitative Raman micro- 

spectroscopic analysis that are particularly 
significant to geologists are the measurement 
of composition, density, and isotopic ratios. 
The ease in making accurate and reproducible 
isotopic determinations by LRM analysis for 
fluid inclusions and solid phases has improved 
markedly with the introduction of triple-mono- 
chromator systems with multichannel analy- 
zers,°*19 but will not be discussed here. 
This paper focuses on compositional and density 
determinations of fluids in the C-O-H-N system, 
which encompasses most volatile species of geo- 
logic interest. 

The compositional analysis of volatile-bear- 
ing fluid inclusions by LRM appears quite 
straightforward, in that only ratios, or molar 
proportions, of species are determined. Ac- 
cording to Placzek's theory,7° the intensity of 
Raman scattered radiation from a species Y (in 
an inclusion) is proportional to the intensity 
of the incident radiation, the number of mole- 
cules of species Y in the irradiation volume, 
and the Raman scattering efficiency of species 
Y (oy). The Raman scattering efficiencies of 
pure gases of geological interest are tabulated 
in the literature,'®**! as analyzed at 1 bar 
pressure, relative to the scattering efficiency 
of nitrogen (defined as o° = 1). Given the in- 
tegrated peak intensities (i.e., areas A) of 
two species Y and Z in the same phase of a flu- 
id inclusion, the ratio of their molar concen- 
trations X can be calculated from 

(Xy/X) = (AY/Az) Coz/ ay) (nz/ny) (1) 
where n is the instrumental efficiency for the 
wavelength and polarizarion of light that is 
scattered from the species. In principle, 
quantitative analysis also can be achieved in 
a similar manner by comparison of the relative 
intensities (peak heights) of the species, 


Methodologies for Raman Analysts of Multteom- 
ponent Fluids 


Among the complexities in applying Eq. (1) 
to a compositional analysis are the derivations 
of n (instrumental efficiency) and o (Raman 
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scattering efficiency) values appropriate for 
fluid-inclusion analysis. The evaluation of yn 
requires, among other measurements, the deter- 
mination of the wavelength response of the in- 
strument by use of a lamp calibrated for spec- 
tral radiance. In addition, the optical 
throughput of spectrometer gratings is also 
very sensitive to the orientation of the plane of 
polarization of the incident light. In the past, 
spectroscopists using Raman macrospectrometers 
to make measurements on low-pressure gases have 
accounted for this polarization effect either 
by placing a polarization scrambler between the 
sampling chamber and the monochromator to ran- 
domize the polarization of light entering the 
monochromator, or by using a polarizer that 
transmits only one plane of polarization. 
former technique requires knowledge of the 
wavelength-dependent transmission of the 
scrambler. For the latter technique, since 
simple gases are strongly polarized at low pres- 
sure, their small but well-defined depolariza- 
tion ratios have been used to calculate the in- 
tensities that should result if all directions 
of vibration could be measured (i.e., simulat- 
ing polarization insensitivity of the grat- 
ings).*! [Note: Some spectrometers require 

use of a half-wave plate before the monochroma- 
tor to rotate the Raman scattered radiation to 
the most favorable orientation with respect to 
the gratings.] Thus, the o°'. published in the 
literature are derived values. 

However, in Raman microspectometers the 
small diameter of the focused beam of scattered 
radiation precludes effective implementation of 
a scrambler between the microsampling device 
and the monochromator, as discussed in the 
first technique above. Unfortunately, problems 
also arise with the second technique, because 
depolarization occurs in fluids at elevated 
pressures.*’~?" 

Due to the preceding uncertainties associated 
with maero- and, particularly, mtcro-Raman spec- 
troscopic analysis of gases, considerable atten- 
tion must be given to the appropriate choice of 
o values for quantitative analysis. Three basic 
approaches to deriving a molar compositional 
ratio from the Raman spectrum of a multicompo- 
nent fluid inclusion are currently used: (a) 
assume that the rattos of o° values at 1 bar are 
valid at all pressures and for all mixtures of 
interest; (b) apply calculated or experimental- 
ly determined pressure corrections to the 0° 
values of the pure gases, and assume that these 
values are valid in gas mixtures; and (c) do 
Raman analyses of the pure gases and gas mix- 
tures over the pressure range of interest, and 
interpret the spectra of inclusions based on 
these calibrations. 

Approach (a) is the simplest, and the one im- 
plicitly recommended by Dubessy et al.,+® who 
suggest that Eq. (1) can be calculated readily, 
that the uncertainties in the values of the Ra- 
man scattering efficiencies are of the same or- 
der as the uncertainties in the fluid models to 
which the Raman data will be applied, and that 
the resulting compositional analyses are suffi- 
ciently accurate for most geological applica- 
tions. Dubessy et al.’® also point out that 
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for years many laboratories have published Raman 
analyses of fluid inclusions based on norma- 
lized differential Raman scattering cross sec- 
tions listed by Schritter and Klockner ,*? but 
that these tabulated values must be recalculated 
for the specific wavelength of excitation used 
in an analysis. Their recalculation of the 
scattering efficiencies'® brought the o-values 
considerably closer to our published experi- 
mental Raman "quantification factors" (product 
of o and n), which were derived by analysis of 
known gas mixtures in capillaries.” The simi- 
larity of our values is fortuitous, in that the 
quantification factors account for both the 
pressure dependence (up to 16 bars) and compo- 
sition dependence of o, as well as for the in- 
strument function n. 

In addition to the instrumental uncertain- 
ties in the published values of o°, additional 
complications are involved with their applica- 
tion in Eq. (1). The scattering efficiencies 
were derived for pure gases at 1 bar, and their 
use for gas mixtures at 10s to 100s of bars 
pressure involves numerous (some testable) as- 
sumptions , as discussed in previous publica- 
®5954% and examined in this work. 

Approach {b) is based on calculated pres- 
sure corrections for 1-bar Raman scattering ef- 
ficiencies (c°). "High-pressure scattering ef- 
ficiency values" (Sp) incorporate a correction 
for the internal field effect (L}, according 
to the definition that op is equal to (o°)(L) 
(Fig. 1). Calculation oF the internal field 
effect is based on the refractive index of a 
fluid as a function of pressui> and wavelength, 
and is hampered by the scarcity of data.** 
Moreover, these correction procedures do not 
account for additional effects, such as specif- 
ic intermolecular interactions, which would be 
enhanced in mixtures and at elevated pres- 
sure”*>*° (Fig. 1). In addition, some conse- 
quent complexities in the measurement of band 
intensities arise at elevated pressures. For 
example, spectral depolarization in compressed 
gases affects the efficiency of propagation of 
the signal through the spectrometer due to 
polarization sensitivity of the gratings. 

We belive that approach (c), spectroscopic 
analysis of both pure gases and gas mixtures at 
elevated pressures, is required to determine 
the true spectral responses of species in nat- 
ural multicomponent fluid inclusions. Although 
obtaining the parameters necessary for accurate 
calculation of Eq. (1) is time consuming, the 
resulting compositional data are significantly 
more useful than those determined from indis- 
criminant application of literature values. 
Moreover, as discussed in this work, other 
(geologically) valuable information can be de- 
rived from the necessary Raman experiments on 
high-pressure gas mixtures. 

Approach (c), either directly or indirectly, 
involves the determination of effective scat- 
tering efficiencies o*, through monitoring of 
the spectral response of each species in the 
pure gas and gas mixtures of interest as a 
function of pressure. The goal of many spec- 
troscopic studies is to derive information on 
fundamental parameters such as Raman scattering 
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L = internal field effect 


Pressure 


FIG. 1.--Schematic representation of pressure 
dependence of o*/o° for a gas, showing possible 
relation between observed measurements (o*) and 
calculated values (Sp) Op = (6°) (L) 0" 4s 
relative (to nitrogen) Raman scattering effi- 
ciency at 1 bar, L is internal field effect. 
Based on actual data?*® for v, of Np. 


efficiency or intermolecular forces. This pro- 
cess requires the determination of peak areas, 
application of accepted corrections for wave- 
length and polarization effects in the instru- 
ment, and calculation of fundamental parameters 
of the gas molecules. In the absence of inter- 
molecular interactions, the measured value of 
o* equals the calculated value of o > The 
spectroscopic research group of Fabre et al. 
has investigated the Q branch of pure nitrogen 
(= 2327 Acm™*) at room temperature up to 3000 
bars, using a Raman macrospectrometer. They 
determined that at pressures above about 500 
bars o*/o° for N5 gas begins to deviate appre- 
ciably from the calculated value of L (internal 
field correction, based on refractive index; cf. 
Fig. 1). 

For application to fluid inclusions, there 
is also a need to translate the peak areas ob- 
tained on multicomponent fluids into composi- 
tional analyses. This need leads to two princi- 
pal questions. If Raman spectra are obtained 
at various pressures on a single gas mixture of 
known composition, (1) does application of pub- 
lished o values yield the correct compositional 
analysis, and (2) is the peak-area ratio of the 
species constant over all pressures? If all 
gases of geological interest behaved as predict- 
ably as Nz up to several hundred bars pressure, 
if the refractive index measurements required 
to calculate the internal field effect were 
available, and zf molecular interactions among 
unlike molecules in mixtures were negligible, 
then it would be possible to calculate accurate- 
ly compositions of multicomponent fluid inclu- 
sions based on o° values in the literature (ap- 
proach b). At present, however, there are not 
sufficient experimental data to evaluate the 
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FIG. 2.--Relation between peak area and pres- 
sure for pure CHy, No, and C02. Each peak 

area normalized to respective peak area mea- 
sured at 6.9 bars pressure. Discontinuity in 
CO, data is due to gas-liquid phase change. 
Differences in normalized spectral responses 
(i.e., trajectories) are due to differences in 
pressure sensitivity of scattering efficiencies 
of individual species and possibly to changes 
in polarization state of fluid, which affects 
efficiency of signal propagation through spec- 
trometer. Uncertainty in measurement of pres- 
sure is tl bar; uncertainty in measurement of 
area ratios is approximately +2.5-5 relative %. 


relation between o* and pressure for pure CO, 
and CH,, or for binary mixtures of COe2, CHa, 
and N,. We have thus begun an applications- 
oriented Raman investigation of the endmember 
gases and binary gas mixtures in the system 
N2-CH,-CO2 at room temperature and at pressures 
up to about 700 bars. The spectral data can be 
used directly to derive instrument-specific 
calibration curves for the accurate composi- 
tional (and density) analysis of fluid inclu- 
sions (approach c). Moreover, the data provide 
spectroscopic information on the intermolecular 
dynamics of gas species as a function of gas 
pressure and composition. 


Expertmental Methods 


All analyses were done with a 1983 model 
RAMANOR U-1000 laser Raman microprobe (Instru- 
ments SA) outfitted with a modified Olympus 
BH-2 microscope. The scanning spectrometer 
system consists of double one-meter monochrom- 
ators in additive configuration. A 5W Ar-ion 
laser (514.5 nm) was used to deliver about 10 
mW excitation at the surface of the optical 
cell, as transmitted by an Olympus 50x ultra- 
long-working-distance objective with a numeri- 
cal aperture of 0.55. The photon detector is 
an RCA C31034 photomultiplier tube. Most anal- 
yses were done using a 0.5 cm™* stepping inter- 
val, 5-10 s dwell time per point, and a spec- 
tral resolution of about 5 cm™*. In some 
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[10% CH, 
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CH, Peak Width (cm) 


FIG. 3.--Relation between position and full 
width at half height for v,; band of CH, in pure 
CH, and in CH,-N, mixtures (listed in mole %). 
Arrow indicates direction of increasing pres- 
sure. Uncertainty in measurement of peak posi- 
tion is less than +0.2 cm™*. 


cases, multiple scans were summed to increase 
the signal-to-noise ratio. In our instrument, 
the grating grooves are horizontal, as is the 
plane of polarization of light exiting the mi- 
croscope after scattering by strongly polarized 
samples. A half-wave plate is therefore in- 
serted between the microscope and the monochrom- 
ator to maximize spectral throughput. The op- 
tical cell consists of a fused quartz tube 3 mm 
OD x 1 mm ID into which known gas mixtures are 
introduced. The gas is pressurized by a mechan- 
ical piston, and monitored by an on-line pres- 
sure transducer.*® 

The analytical set-up and scanning procedure 
used in the gas experiments are very similar to 
those routinely applied to fluid inclusions 
analyzed in our laboratory. The spectral reso- 
lution is much lower (about 5 cm~*) than that 
required by most Raman macrospectroscopic stud- 
ies of gases that were done in the past. The 
main reason for analyzing the gas standards un- 
der these conditions is to ascertain exactly 
which spectral parameters can be measured and 
quantified in a fluid inclusion. However, this 
optical configuration is not desirable for de- 
termining the absolute values of spectroscopic 
parameters whose measurements require high 
spectral resolution or vary as a function of the 
polarization state of the sample. 

The parameters measured in our study include 
the spectral peak positions and both the abso- 
lute values and the ratios of Raman peak inten- 
sities, areas, and widths. These experimentally 
derived parameters can be used to characterize 
both the composition and internal pressure of 
fluids in inclusions. For C0O,, the spectral 
separation of the two bands of the Fermi diad 
also was monitored. Some similar data, derived 
by Raman macrospectroscopy, are available for 
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Area Ratio CH,/N, 


Pressure (bar) 


FIG, 4,.--Ratio of areas of v, bands of Nz and 
CH, in 90:10 (molar) N2o:CH, gas mixture as a 

function of pressure. Uncertainty in measure- 
ment of pressure is about +1 bar, in measure- 
ment of peak area ratios is about +3 relative 
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pure CH,, COz, and N2,*9**°2?7"?9 but we have 
concentrated on mixtures at pressures applic- 
able to fluid-inclusion analysis. 


Experimental Results and Discussion 


Peak areas of pure CHy, Nz, and COz2 (normal- 
ized to their respective areas at 6.9 bars) as 
a function of pressure are shown in Fig. 2. 

The relations among the normalized peak areas 
result primarily from differences in the pres- 
sure sensitivity of their Raman-scattering ef- 
ficiencies. Given our analytical conditions, 
it is not possible to evaluate for these indi- 
vidual gases whether the relation between o*/o° 
and pressure is accurately modeled by L (ap- 
proach b). However, the data in Fig. 2 do sug- 
gest that the application of ratios of uncor- 
rected o° values to high-density fluid inciu- 
sions (approach a) will produce considerable 
inaccuracies. These data on the endmember 
gases furthermore suggest that use of a con- 
stant o ratio (derived at low pressure) for 
CHy-N2 mixtures with a range in density will 
result in errors in compositional determina-~ 
tion, because the curves for the pure gases do 
not exactly covary. 

Although the spectroscopic investigation of 
endmember compositions is useful for interpret- 
ing fluid-phase systematics, the data most nec- 
essary for the analysis of multicomponent fluid 
inclusions are calibration spectra of gas mix- 
tures. The concern is how the effective Raman 
scattering efficiercies (o*) of individual spe- 
cies respond to the internal field effect and 
intermolecular interactions imposed by both 
like and unlike molecules in a gas mixture. 
These effects are reflected in the band shapes 
and positions. The spectral parameters derived 
during calibration experiments on the various 
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gas mixtures may be applied to the Raman spec- 
tra of inclusion fluids without regard to the 
theoretical significance of the calibration 
spectra. The experimental data may be also 
used to investigate some aspects of the spectro 
scopic behavior of gas species in mixtures. 

One test of the effect of adding species Z 
to species Y is to monitor the relation between 
peak width and peak position for a Raman band 
of Y, as a function of pressure, both in the 
presence and absence of species Z. The rela- 
tion between peak position, peak width, and 
pressure for the vy, band of CH, is well docu- 
mented in the literature,*’ and has been repro- 
duced in our own experiments. Figure 3 shows 
how the relation between spectral width and po- 
sition for the v1 band of CH, is affected by 
the addition of nitrogen. As might be expected, 
increasing deviation from the behavior of pure 
CH, is observed as the proportion of N2 is in- 
creased. Our experiments on 50-50 mixtures of 
CH, with N,, H,, and Ar all show different ex- 
tents of decoupling (compared to pure CHy) of 
the relation between spectral width and posi- 
tion for the v; band of CH,. 

Another test of the effect of mixing of the 
components is illustrated in Fig. 4. The ratio 
of the peak areas for the v,; bands of CHy and 
N, mixture changes as a function of pressure 
(up to about 75 bars). The relation between 
the peak area ratio and pressure is not what 
one would expect from an investigation of the 
pure endmembers (cf. Fig. 2). This finding il- 
lustrates the need to investigate actual gas 
mixtures in order to calibrate a Raman micro- 
probe for quantitative analyses of fluid in- 
clusions. 

An additional benefit of such experiments is 
the ability to calibrate the positions of Raman 
bands for individual species as functions of 
gas pressure and composition. As the relations 
in Figs. 2 and 4 indicate, an independent mea- 
surement of pressure is required in order for 
the Raman peak area ratios to provide composi- 
tional analyses. Our data on peak positions 
agree with similar data for pure CHy Ng» and 
CO, available in the literature,?°**’~*" but 
we have extended our studies to gas mixtures. 
Calibration curves derived through these exper- 
iments enable the estimation of both internal 
pressure (density) and composition in the same 
fluid inclusion, in many cases with an accuracy 
that exceeds that of the classically accepted 
and only other viable technique, microthermo- 
metric analysis. (The latter involves freezing 
the fluid inclusion and monitoring the tempera- 
tures at which it melts and subsequently homog- 
enizes to a one-phase fluid. Given sufficient 
information, these phase changes can be inter- 
preted in terms of a composition and density of 
the fluid.) Furthermore, by documenting the 
co-variation of spectral peak positions, inten- 
sities, areas, and widths, the most sensitive 
parameter with respect to some property, such 
as pressure, can be identified and selected for 
closer examination in natural and synthetic 
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Why Are Experimental Calibrations Necessary? 


The geologist uses the compositional and 
density data from a suite of fluid inclusions 
to model the physicochemical conditions and 
changes that pertained during the evolution of 
a rock. Clearly, the more accurate the analy- 
ses are, the more accurate the model results 
will be. The experimental Raman data presented 
above demonstrate the usefulness of investigat- 
ing the actual spectral response of gas species 
in high-pressure gas mixtures like those oc- 
curring in natural fluid inclusions. Only in 
this way can one evaluate the inaccuracies pro- 
duced by reliance on o° ratios. 

In their review paper on the application of 
Raman microspectroscopy to C-O-H-N-S fluid 
geochemistry, Dubessy et al.1® correctly empha- 
size the usefulness of even semiquantitative 
Raman analyses of fluid inclusions. They in- 
vestigate some of the ramifications of the es- 
timated uncertainties in the published o° val- 
ues. Their conclusion is that the uncertainty 
in the models, to which fluid-inclusion data 
are applied, would not be reduced significantly 
by further Raman quantification. Our response 
is that (1) the inaccuracies introduced by use 
of o° values are not known, and indeed may be 
very different depending on the specific chem- 
ical system and the pressure of the fluid under 
pressure; and (2) increased accuracy in the 
determination of fluid compositions would sig- 
nificantly affect some geochemical models. 

Differential spectral response of certain 
fluids could lead to the misleading appearance 
of compositional trends, based on the very as- 
sumption of constancy of o ratios. For in- 
stance, our data suggest that fluid inclusions 
of the same composition can yield different 
Raman peak area ratios for different internal 
pressures. Disregard for this effect could 
lead to the incorrect conclusion that changes 
had occurred in the composition and oxygen 
pressure of a fluid during the evolution of a 
particular rock system or that two rock sys- 
tems had evolved differently. 

Of particular concern are the increases in 
the uncertainties due to coupling of measure- 
ments. For instance, Raman analyses of fluid- 
inclusion composition in some cases are paired 
with microthermometric measurements from which 
density can be inferred (given accurate knowl- 
edge of the fluid composition). Although the 
predicted uncertainties in the o° values em- 
ployed may not cause intolerably large uncer- 
tainties in the fluid compositional analysis, 
use of these inferred compositions may produce 
considerably larger uncertainties in the densi- 
ty determinations. The end result can be unac- 
ceptably large uncertainties in the inferred 
temperature and pressure of fluid trapping in 
the rock (uncertainties on the order of 100s 
of °C and 1000s of bars pressure). 


Conelustons 


For years many geologists involved in Raman 
microspectroscopy have used approach (a), as- 
suming that the ratios of the o values deter- 


mined for species at 1 bar are the same as ra- 
tios of the o* values for the same species in 
high-density inclusions, Our contention re- 
mains that this relation is not known a prtort. 
Only after the appropriate experiments have 
been done, will it be possible to evaluate how 
closely the actual data are reproduced by var- 
ious models, over the pressure range of in- 
terest. 

Our recent work has shown that the discrep- 
ancies between published scattering efficien- 
cies, o°, and individually calibrated quantifi- 
cation parameters are in large part due to ac- 
tual molecular interactions in gas mixtures of 
geological interest, whereas we previously had 
concentrated on such discrepancies as a func- 
tion of the inability to account for instrumen- 
tal (primarily optical) effects in Raman mtcro- 
probes. Although the need for calibration of 
individual Raman microspectrometers may be de- 
bated, an observation that remains undisputed 
is that the Raman spectrum of a volatile spe- 
cies is sensitive to its physical and chemical 
environments (e.g., pressure), presence of 
other gas species, and dissolution in an aque- 
ous solvent. One can take advantage of this 
spectral sensitivity in the study of fluid in- 
clusions, so as to derive accurate data not 
only for composition but also for density. 

Raman microspectroscopic analyses of fluid 
inclusions, even at a semiquantitative level, 
have constrained models of the geologic history 
of a wide variety of rock systems. However, 


considerable analytical improvement is possible. 


The spectral variations revealed in our on- 
going Raman microspectroscopic studies on pure 
gases and gas mixtures as a function of pres- 
sure make it clear why calibration is essential 
to the derivation of accurate compositional 
analyses. Furthermore, with such calibration, 
Raman spectroscopy is one of only two nonde- 
structive microanalytical techniques for the 
accurate determination of both composition and 
density of individual fluid inclusions. For a 
wide range of gas compositions and pressures of 
geological interest, calibrated Raman micro- 
spectroscopy can provide more accurate data 
than microthermometry. 
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FOURIER TRANSFORM VIBRATIONAL MICROSCOPY 


F. J. Bergin 


Recent developments in the performance of 
Fourier transform (FT) instruments, coupled with 
the considerable advancement in associated com- 
putational power, have led to many exciting 
changes in optical spectroscopy. Among the most 
exciting have been the developments in areas 
such as FT-IR microscopy, FT-Raman spectroscopy, 
modulation techniques, and many more. Over the 
past few years there has been an enormous 
increase in the number of applications of the 
infrared microscope, including applications in 
textiles,! polymers,? forensic science,? and 
lubrication science,’ for example. The IR 
microscope has also been particularly useful 
when used in conjunction with separation tech- 
niques such as HPLC, GPC, and SFC.° This 
interest in IR microscopy has been mirrored by 
developments in conventional Raman microscopy. ® 
Indeed, the drive to examine smaller amounts of 
material, to carry out vibrational mapping of 
surfaces, or to analyze with ever higher spatial 
resolutions, has initiated work on other forms 
of vibrational microscopy such as near infrared 
microscopy,’ FT-Raman microscopy, °>° and 
Hadamard transform microscopy.!9 In this paper 
some more novel applications of the infrared 
microscope and recent developments in FT-Raman 
microscopy are discussed. 


FT-IR Microscopy 


Although the IR microscope was developed for 
analyses requiring high spatial resolution, it 
can also serve as an extremely useful and 
versatile sampling accessory. We have not only 
made extensive use of its high spatial resolu- 
tion, we have also been exploring its potential 
for the analysis of bulk polymeric materials 
and thin films on nonmetallic substrates. 

It is well known that when radiation impinges 
on a material, the reflected light consists of 
two components: a front surface, specular com- 
ponent and a diffusely reflected component. In 
general, the nature of the surface determines 
which of the two dominates, with the specular 
component tending to dominate with the smoother, 
more polished surfaces. Both components con- 
tain molecular/vibrational information about 
the material. In the case of diffuse reflec- 
tance, the radiation penetrates the sample and 
undergoes multiple reflection, refraction, 
absorption, etc., within the sample before re- 
emerging from the surface. This reflected 
light R is related to the absorption and scat- 
tering within the sample via the Kubelka-Munk 
equation 
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£(R) = (1-R)2/2R = k/s 


where k and s denote absorption and scattering 
coefficients of the material. 

In the case of specular reflectance, the 
situation is more complex. The reflectivity at 
near normal incidence is given by 


R = (m- 1)?/(m + 1)? 


where the complex refractive index m =n - ik. 
The term k, the absorption index, is related to 
the absorption coefficient a{w), which is 
normally measured in conventional absorption 
experiment by 


af(w) = 4nwk Cw) 


Hence an absorption-like spectrum can be 
extracted from the measured reflectivity 
spectrum. The advances in dedicated computers 
associated with IR instruments mean that most 
instruments can run the software necessary for 
this extraction/analysis. 

In these FT-IR studies, a Perkin-Elmer 
Model 1760-X FT-IR instrument was used, with a 
Spectra-Tech IR-Plan microscope fitted to the 
external port. The microscope was fitted with 
a narrow-band MCT detector and a 15x 
Cassegrainian objective. Data storage and 
manipulation were carried out by means of a 
Perkin Elmer 7700 Series data station. 


Diffuse Reflectance 


To illustrate some of the applications of 
the microscope in the analysis of bulk poly- 
meric materials, Fig. l(a) shows the diffuse 
reflectance spectrum of a foamed polymeric 
material. The sample was simple mounted under 
the microscope and brought into focus, and its 
reflectivity spectrum was measured; a gold 
mirror was used as a background or reference 
spectrum. Figure 1(b) shows a spectrum of the 
same material after storage in water at 95 C 
and a pressure of 1.6 MPa for 8 days. Among 
the changes that have occurred is the clear 
loss of the isocyanate-based foaming material. 
(The changes in the CH»/CH3 region are a result 
of some contamination from the oil used to 
produce the required pressure.) In this case, 
the analysis area was approximately 1 mm in 
diameter and hence the high resolving power of 
the microscope was not used. The power of this 
approach lies in its speed and simplicity and, 
perhaps more important, in that it is non- 
destructive. 


Specular Reflectance 


The above example nicely illustrates a 
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FIG. 1.--(a) Diffuse reflectance spectrum of 
foamed polymeric material recorded through 
microscope; (b) diffuse reflectance spectrum of 
same material after storage in water at 95 C 
and 1.6 MPa for 8 days. 


system’in which diffuse reflectance is the 
dominant component of the measured reflectivity 
spectrum. When specular reflectance dominates, 
the recorded spectrum is more complex, taking 
on the appearance of a first-derivative-like 
spectrum. As an example, Fig. 2(a) shows the 
recorded spectrum for a black polymeric 
material--a pipette sucker bulb. This deriva- 
tive nature is a consequence of the behavior 

of the real component of the refractive index 
in the region of an absorption band. The 
absorption index or extinction coefficient 
spectrum can be extracted from this spectrum by 
use of the appropriate software (Fig. 2b) 

which allows the material to be readily iden- 
tified as a phthalate-based polyester. 

In many cases the extracted spectrum closely 
resembles that observed in a more conventional 
approach such as KBr disk, solvent thin films, 
etc., but in some instances measurable dif- 
ferences have been noted. Fig. 3(a) shows the 
spectrum of a polyurethane elastomer recorded 
by the casting of a thin film from solution 
onto a KBr window. Several castings were made, 
yielding very similar results. Figure 3(b) 
shows the extracted extinction coefficient 
spectrum for the same material. In the finger- 
print region (2000-600 cm™!), the two materials 
are similar, with similar band positions but 
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FIG. 2.--(a) Observed reflectivity spectrum for 
black pipette sucker bulb; (b) extracted 
extinction coefficient spectrum for Fig. 2(a). 
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FIG. 3.--(a) IR transmission spectrum of 
polyurethane elastomer, thin film cast from 
solvent on KBr disk; (b) extracted extinction 
coefficient spectrum of same material taken 
drom observed reflectivity spectrum. 


with differing relative intensities. In the 
region 2500-2000 cm™!, the reflectivity spec- 
trum differs considerably from that of the 
more conventional spectrum. These differences 
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may arise because this specular reflectance 
approach is effectively a surface~-sensitive 
technique with an effective depth of penetra- 
tion of the order of tens of micrometers. 

In the above examples, the spectra were 
dominated either by diffuse or specular reflec- 
tance with little mixing. However, frequently 
the observed spectrum is a combination of the 
two components and it is difficult to extract a 
clear vibrational spectrum. As noted earlier 
the strength of this type of approach, when 
applicable, lies in its speed, simplicity, non- 
destructive nature, and, in the case of specular 
reflectance, its surface sensitivity. Finally, 
the concept of using the IR microscope for 
reflectance measurements has been developed 
further by Claybourn and Colombel, who have 
illustrated that reflectance measurements can 
also be made from bulk liquid samples.!! 


Ref Leetton-absorpttion from Nonmetallte Substrates 


The above analysis illustrates how the micro- 
scope can be a simple, versatile, sampling 
accessory that readily allows spectroscopic 
data to be obtained from bulk materials. The 
microscope can also be used to examine thin 
films on nonmetallic substrates. Some recent 
publications have indicated that IR spectro- 
scopic data can be obtained from monomolecular 
films spreadon aqueous substrates.!2>!3 In 
contrast to the situation for thin films on 
metallic surfaces, where the angle of incidence 
should lie between 70° and 82° to the normal, 
for aqueous substrates the optimum angle lies 
between 0 and 30°. The objective lens of the 
IR-Plan microscope provides such an optical 
configuration and we have shown previously that 
molecular, spectroscopic data can be obtained 
from such monomolecular films.!* Although the 
throughput, or optical power at the sample, is 
more than an order of magnitude lower than that 
observed in the macro chamber of an IR instru- 
ment, the data are of sufficient quality to 
allow some analyses to be performed. 

As a further example, we have used the 
microscope to aid in determining the origin of 
a slight bloom that occurred on some transfer 
optics of a plasma emission spectrometer. Here 
a glass lens had been used to seal the plasma 
chamber, at atmospheric pressure, from an 
evacuated monochromator. Over a period of time 
a slight bloom, the image of the plasma, had 
appeared on the lens, thereby reducing the 
sensitivity of the instrument. Some discussion 
followed on whether this image was a result of 
some impurities being deposited onto the lens 
in the evacuated monochromator or whether it 
was a result of a hydrocarbon deposit caused 
by solvent being introduced into the plasma. 
Simply placing the lens under the microscope 
and recording the reflectivity spectrum showed 
that the bloom was in fact on the side of the 
monochromator. Figure 4(a) shows the spectrum 
recorded from the monochromator side of the 
lens in the region of the bloom, Fig. 4(b) 
shows the spectrum from the plasma side of the 
lens, and Fig. 4({c) shows a 100% line. The 
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FIG. 4.--(a) Reflection-absorption spectrum of 
bloom on glass lens, evacuated side; (b) 
observed spectrum from plasma side of lens; 

(c) 100% line from glass lens. 


observed absorption bands are negative 
here, similar to those observed for thin films 
on aqueous substrates. 


FT-Raman Microscopy 


One of the other areas of vibrational 
spectroscopy to benefit considerably from the 
developments in FT-IR instrumentation and 
improvements in associated computers is that of 
Fourier transform Raman (FT-Raman) spectroscopy. 
In the four years since the first publication 
on this topic, the number of papers reporting 
developments in instruments, filters, 
detectors, etc., has been considerable and the 
range of applications continues to grow. 

Indeed, recently a special issue of 
Spectrochimica Acta was devoted to this topic 
and at present several books on the subject 

are being compiled. Most of the publications 
have focused on the general application of the 
technique and until recently little attention 
has been paid to the development of FT-Raman 
microscopy. Although we have concentrated on 
applications of the IR microscope where high 
spatial resolution was not required, our 
interest in this section lies in the ability to 
clearly identify the region of the sample being 
analyzed and to explore the potential of the 
microscope for the analysis of small contami- 
nants, inhomogeneities, fibers, etc. 

In the first paper on FT-Raman microscopy, 
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FIG. 5.--FT-Raman spectrum of n-benzyl 3, 7, 
bioctyl phenothiazine recorded from solid pellet 
with microscope. 


Messerschmidt and Chase’ used an IR-Plan micro- 
scope with reflective optics and obtained 
results that "argue for the development and 
commercialization of combined FT-IR/FT-Raman 
microscope instruments for the successive 
analysis of the same specimen."' We have taken 
a different approach to the reflective optics 
of Messerschmidt and Chase and have explored 
the potential of a simple metallurgical glass 
optics microscope. 


Experimental 


The essential components of our experimental 
system included a Perkin-Elmer model 1760 near- 
infrared spectrometer equipped with a liquid- 
nitrogen-cooled germanium detector. The Nd:YAG 
laser was supplied by Spectron Lasers and the 
Rayleigh rejection was achieved by use of two 
dielectric-coated filters. (A more detailed de- 
scriptionis given inRef.15.) These filters had 
a combined optical density of 6 at 1.06 um and 
the combined system of detector, filters, and 
instrument meant that Raman data could be col- 
lected only between 3100 and .400 cm™*. The 
microscope was a Nikon Optiphot metallurgical 
microscope. The laser was focused on the sample 
by means of a 40x glass objective, which also 
collected the scattered Raman signal. This 
scattered radiation was directed toward the 
spectrometer by a glass prism and a single lens, 
positioned at the Jacquinot stop of the 
instrument. This lens was positioned on an 
X-Y-Z stage to allow for fine tuning. 


Results and Dtscusston 


As with the IR microscope, one of the 
benefits accrued from this microscope system is 
the simplicity of sampling. In the Raman 
system the sample is just placed under the 
microscope objective and brought into focus, 
and the spectrum is recorded. As an example, 
Fig. 5 shows the FT-Raman spectrum of a 
crystalline solid (a phenathiazine-based 
material). A small amount of the material was 
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FIG. 6.--FT-Raman spectrum of single Kevlar 
fiber, 12 pm in diameter. Laser power 350 mW, 
data collection time 7.5 min. 


poured onto a glass slide and the spectrum was 
recorded. However, our main interest in FT- 
Raman microscopy was not so much the simplicity 
but the ability to analyze small amounts of 
material, fibers, etc. 

Figure 6 shows the FT-Raman spectrum of a 
12um-diameter Kevlar fiber recorded with 350 mW 
at the sample and a data collection time of 
7.5 min. As a final example, Fig. 7(a) shows 
the FT-Raman spectrum of a sample (50 x 100 um) 
of an antidepressant drug recorded with the 
microscope. For comparison, Fig. 7(b) shows 
the FT-Raman spectrum of the same material 
when the more conventional macro optics is 
used. 

The above examples illustrate that spectra 
with reasonable signal-to-noise ratios can be 
obtained from some single fibers and small 
quantities of material. However, one of the 
difficulties with this system is inherent to 
the optics. Assuming a spot size of approxi- 
mately 5-10 um and a magnification of 40 
produces a primary image at most 400 um in 
size. This image is formed approximately 
200 mm from the objective lens, with the 
sample only 3-4 mm from the lens. Thus, the 
microscope produces a narrow, almost parallel 
beam going into the spectrometer. 
Alternatively, we can consider this problem in 
terms of f numbers, with an f number of 0.77 
for the microscope objective and an f£ number 
of 8-10 for the spectrometer. This mismatch 
of £ numbers is partially compensated by 
suitable coupling optics, but the microscope 
still forms a throughput-limiting stop in the 
system. This limitation means that when the 
microscope is used, one of the main advantages 
of the FT-Raman technique, that of high 
throughput, is lost. This restriction may well 
limit the general application of the micro- 
scope. Since our FT-Raman system was purchased, 
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FIG. 7.--FT-Raman spectrum of antidepressant 
drug (Flunitrazepam) taken (a) with microscope, 
(b) with conventional macro optics. 


there have been many improvements in detectors, 
filters, beam-splitters, etc., which yield an 
improvement of approximately 4-5 over our 
current instrument. Indeed, at present one of 
the infrared instrument manufacturers has 
developed an FT-Raman microscope, with at least 
one other company following suit. 


Coneluston 


In summary, the recent advances in FT-IR 
instrumentation and the developments in 
dedicated computers have considerably broadened 
the range and nature of materials amenable to 
vibrational analysis. In particular these 
advances have stimulated the development of 
Fourier-transform vibrational microscopy. In 
addition to the considerable benefits accruing 
from its high spatial resolution, the infrared 
microscope is also a very versatile sampling 
accessory that allows spectroscopic data to be 
recorded nondestructively from bulk polymeric 
materials and from thin films on nonmetallic 
substrates. Initial results suggest that 
despite the limitations inherent to the optics 
of the FT-Raman microscope, it may well play a 
major role in the years to come. 
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FT-IR MOLECULAR MICROANALYSIS SYSTEM 


J. A, Reffner and W. T. Wihlborg 


The evolution of FT-IR microscopy has advanced 
from an extension of infrared microanalysis to 
a microbeam analysis system with expanded func- 
tions for materials and biological scientists. 
The combination of light microscopy for morpho- 
logical examination with infrared spectroscopy 
for chemical identification of microscopic sam- 
ples or domains has become an important micro- 
beam analytical technique.* Although use of 
mid-infrared radiation limits spatial resolu- 
tion, its advantages for molecular analysis di- 
minishes this loss. Dual masking technology 
has maximized spatial resolution. The IRus” 

is the first fully integrated system for Fourier 
transform infrared (FT-IR) microscopy and its 
optical, mechanical, and system design are de- 
scribed to illustrate the state of development 
of molecular microanalysis. 


The Evolution of IR Mterobeam Analysts 


Infrared spectral analysis of microscopic 
samples is not a new idea; it dates back to 
1949, with the first commercial instrument of- 
fered in 1953.2 These early efforts showed 
promise but failed the test of practicality. 

It was not until the advances in computer sci- 
ence were applied that infrared microspectrome- 
try emerged as a useful technique. Microscopes 
designed as accessories for Fourier transform 
infrared spectrometers have been commercially 
available since 1983. These accessory micro- 
scopes provide the best means for analytical 
spectroscopists to analyze microscopic samples 
without interfering with the FT-IR spectrome- 
ter's normal functions. 

The microscopist's needs for molecular micro- 
analysis have led to the development of the IRus 
integrated system. Microscopists relate mor- 
phology with chemical composition. The expand- 
ing use in electron microscopy of x-ray emis- 
sion spectral analysis, electron diffraction, 
and energy loss spectroscopy is testimony to the 
enhancement that chemical analysis addes to mor- 
phological investigations. Infrared microanaly- 
sis is unique because it provides direct data 
about the molecular bonding within a sample. 
This feature is of primary importance in the 
examination of organic materials, since electron 
microbeam techniques often fail to yield analy- 
tical data on low-atomic-number complex organic 
materials. For the microscopist, spectral anal- 
ysis must be an integral part of the examina- 
tion, easily accessed and easily interpreted. 
Mapping molecular compositions is also required 
to relate the sample's chemistry to its morphol- 


ogy. 
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Instrument Destgn Factors 


The Resolutton Problem. Resolution is a ma- 
jor concern of any microscopical technique; 
use of infrared radiation for molecular spec- 
tral analysis limits spatial resolution. For 
practical infrared microanalysis, masks are 
placed in remote image planes to define the 
area of the field for spectral analysis. Dual 
remote image masks provide improved resolution 
for infrared sample definition in the same way 
that they function in confocal microscopy. 

With dual masks it is possible to obtain reso- 
lution approaching the diffraction limit of 
one-half wavelength. Since the mid-infrared 
spectral region extends from 2.5 to 16.7 um 
(4000 to 600 cm™*), the minimum area of the 
sample for spectral measurement is 1.25 to 8.4 
um in its smallest dimensions. 

The resolution effect is illustrated in Fig. 
1. A polystyrene film 12 um thick was mounted 
in Nujol brand mineral oil, between two barium 
fluoride windows, which created a sharp, low- 
contrast edge. This edge was then mapped by 
use of dual remote apertures that produce a 
6um-wide slit. IR spectra were sequentially 
collected at every 2 um over a line 60 um long. 
The normalized peak absorbance for the 3030cm™? 
(3.3um) and the 1601cm7* (6.25um) polystyrene 
bands are plotted as a function of distance. 
The sharper edge profile is seen for the short- 
er-wavelength (3030cm7?) band. 

Spectral measurements at the microscopic 
level demand greater resolution than just spa- 
tial separation by a minimum contrast between 
two points; there must be a minimum of spectral 
mixing from adjancent areas. The use of dual 
remote apertures minimizes the diffraction and 
leads to higher resolution for the spectral 
measurements. This improved spectral purity is 
shwon in Fig. 2. The spectra shown were col- 
lected by use of a 6um slit located at the edge 
of the polystyrene/Nujol interface. Seen by 
light microscopy, the slit is totally within 
the Nujol phase. The 160icm™* band of the sty- 
rene is present in single-apertured data and is 
nearly absent in the dual-apertured spectrum. 

A minimum photon flux is needed to generate 
spectra with sufficient signal-to-noise for de- 
tection, which also limits spatial definition. 
The energy throughput is a critical considera- 
tion in the optical design of an infrared mi- 
croanalysis system. A high numerical aperture, 
all reflecting optical system with the highest 
possible efficiency is essential. The infrared 
source must be of high intrinsic brightness and 
the interferometer efficiently optimized for 
the desired spectral range. Liquid-nitrogen- 
cooled mercury cadmium telluride (MCT) detec- 
tors are used, since they have the highest 


240 


1.200 + 
1.006 4 
0.800 + 


0.600 4 


ABSORBANCE 


0.400 + 


2 3030cm-1 
* 160icm-1 


0.200 + 


-0.000 ~ 


DISTANCE (um) 


FIG. 1.--Edge profile map of polystyrene/ 
Nujol interface made with 6um-wide slit pro- 
duced by dual remote apertures. Norma- 
lized peak absorbance for 3030cm7+ 

(3.3um) and 160lem™? (6.25 um) polysty- 

rene bands are plotted as a function of 
distance. 


signal-to-noise values (D* = 3 x 102° em Hz}/? 
w-1) through the mid-infrared region. 


Dual Optteal Functions. In FT-IR microanaly- 
sis the microscope must function for both vis- 
ible light and for infrared spectroscopy. Re- 
flecting elements are used for both spectral 
ranges, but the optics of the infrared spectrom- 
eter are significantly different from the op- 
tics for imaging with visible light. For ex- 
ample, Koehler illumination, imaging of the 
source in the objective lens Fourier plane, is 
preferred for visible light imaging, since it 
provides uniform illumination over a large 
field. However, for infrared spectroscopy the 
source, after passing through a Michelson in- 
terferometer, is imaged in the object field and 
is concentrated in the central area seen by the 
detector. When the 15x, N.A. 0.58 reflection 
objective is sued, the eye can see a field 1.25 
mm in diameter, but the MCT detector "sees" 
only a 0.25+ mm field. It is critical that the 
infrared and visible radiation are coaxial and 
parfocal, and it is also necessary that each be 
optimized for their function. Figure 3 shows 
the optical layout of the two radiation paths. 
The optical elements are arranged to minimize 
the overall path length. 


Data Collection and Analysts. The computer 
architecture and software are the key elements 
that make molecular microanalysis a viable tech- 
nology. Automated sequential data collection 
makes it possible to collect the arrays of data 
needed for molecular mapping. Libraries of mo- 
lecular spectra and the need for computer-as- 
sisted searches of libraries are critical. What 
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FIG, 2.--Spectra collected using a 6yum slit lo- 
cated at the edge of polystyrene/Nujol interface. 
Seen by light microscopy, slit is totally within 
Nujol phase. 
present in single-apertured data, but is nearly 
absent in dual-apertured spectrum. 


The 1601cm7! band of the styrene is 


good is it having the ability to collect data 
that are not interpretable? Energy-dispersive 
x-ray microanalysis required the microscopist 
to identify fewer than fifty elements; infra- 
red microanalysis can produce unique spectra 
of many thousands of materials. 

There are several types of spectral data 
that can be collected with the FT-IR microbeam 
analysis system, including specular and dif- 
fuse reflection spectra. These reflection 
spectra require special data reduction in order 
to be interpreted. Quantitative analysis also 
places special demands on both the spectral 
data collection and on the mathematical analy- 
sis software. The software for FT-IR molecular 
microanalysis is pivotal to a system's perfor- 
mance, 


Results 


Although visible and infrared radiation lim- 
it resolution, these photons provide distinct 
advantages for molecular microanalysis. A ma- 
jor advantage is that analyses can be made at 
ambient conditions. Water and carbon dioxide 
gases present in the atmosphere have infrared 
absorptions that can cause interference, but 
they can be eliminated by purging of the IRus 
system with dry air or nitrogen. FT-IR micro- 
analysis of aqueous suspensions or biological 
tissues can be made without special sample 
preparation.* For example, the molecular chem- 
istry of single human red blood cells has been 
studied. 

The integration of the light microscope and 
FT-IR spectrometer has resulted in a total sys- 
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FIG. 3.--Optical ray diagram of integrated FT-IR microbeam spectrometer. 


tem for molecular microanalysis. This total 
system yields greater efficiencies in both util- 
ity and performance. Subnanogram samples can be 
routinely studied and spatial resolutions are 

at the diffraction limits. 


Conclustons 


FT-IR spectroscopy has been integrated into 
a microbeam analysis system for molecular mi- 
3 croanalysis. The advantages of molecular mi- 
4 crobeam analytical data outweigh the limits of 
spatial resolution. This system fills a vital 
need for the analysis of organic materials. 
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RAMAN AND FLUORESCENCE SPECTRA OBSERVED IN LASER MICROPROBE MEASUREMENTS 
OF SEVERAL COMPOSITIONS IN THE Ln-Ba-Cu-0 SYSTEM 


E. S. Etz, T. D. Schroeder, and Winnie Wong-Ng 


We have used Raman microprobe measurements to 
investigate the superconducting and related 
phases in the LnBazCu307-x system (for x = 0 to 
1), where yttrium has been replaced by one of 
the lanthanide (Ln = Nd, Sm, Eu, Ho, Er) or 
rare earth elements. The aim is to relate the 
observed optical spectra (Raman and fluores- 
cence) to the compositional and structural 
properties of these solids as part of a compre- 
hensive materials characterization. The re- 
sults are then correlated with the methods of 
synthesis, the processing procedures of these 
materials, and their superconducting proper- 
ties. Of interest is the substitutional chem- 
istry of these isostructural systems, the dif- 
ferences in the spectra, and their microanaly- 
tical usefulness for the detection of impurity 
phases and the assessment of compositional 
homogeneity. 

In an earlier paper, we reported on the in- 
vestigation by Raman microprobe spectroscopy of 
high-T, superconductors in the Y~Ba-Cu-0 (YBCO) 
system.’ In that study we discussed the micro- 
Raman spectra of three types of YBCO materials 
(ceramic powders, ceramic pellets, and single- 
crystal preparations), which are primarily com- 
posed of the (orthorhombic) superconducting 
phase of composition YBaoCu,07-x, and the (tet- 
ragonal) insulating phase close to YBa2Cu30¢ 
stoichiometry. 

The present communication is an extension of 
our earlier studies in which we examine both 
the Raman and fluorescence spectra from the 
broader YBCO system of compositionally and 
structurally analogous compounds containing var- 
ious rare earth ions, substituted for yttrium. 
Specifically, we are examining a series of com- 
positions from which we expect to observe highly 
diagnostic, structure-specific optical spectra. 
It is now thoroughly documented that yttrium 
can be substituted for, partly or fully, by 
other trivalent lanthanide (Ln**) ions, with 
little effect either on the transition tempera- 
ture or the crystal structure.*~* The already 
extensive literature on Raman and infrared 
spectroscopy in this field demonstrates the 
usefulness of vibrational spectroscopy in the 
characterization of all classes of high-T¢ 
superconductors.°~° 

Lanthanide ions can be sensitive fluorescent 
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probes in a variety of host matrices, and rare 
earth ion spectroscopy has previously been ap- 
plied to the study of high-T, superconduc - 
tors.?~+? In these cases, the Ln°*+ fluores- 
cence emissions become sensitive indicators of 
molecular/crystallographic structure, bonding, 
and charge environment. In the Ln-Ba-Cu-O 
system, the microprobe spectra consist prin- 
cipally of three types of signatures: (1) the 
normal Raman emissions from allowed vibrational 
modes,°~® (2) structure and site-specific flu- 
orescence emissions of Ln>* ions in yttrium 
sites,?~1* and (3) electronic Raman scattering 
from certain electronic states of Cu(II).1*° 


Experimental 


The materials examined here are all ceramic 
powders prepared by solid-state reactions by 
conventional ceramic processing techniques./* 
The nominally single-phase materials of the 
various indicated compositions were prepared 
from stoichiometric mixtures of the respective 
trivalent lanthanide oxides, Ln,0,, BaCO,, and 
CuO. In all cases, commercial starting mater- 
ials of the highest available purity were used 
for preparing the various compositions in the 
phase diagram. For example, in the yttrium 
system, yttrium oxide of either 99.99% or 
99,999% certified purity was used in conjunc- 
tion with nominally 99.99% cupric oxide and 
99.99% barium carbonate. The erbium- and 
europium-bearing compositions are based on the 
use of oxides of 99.99% stated purity. De- 
tails on the synthesis and processing of these 
ceramics have been presented elsewhere.**1*»1° 

Several compositions are of interest in the 
phase compatibility diagram for the Y,0, (or 
Ln,0,)-BaO(BaCO,)-CuO system in air, which we 
treat as a pseudo-ternary system.’° Among the 
materials investigaged were the starting mater- 
iais (Ln203, BacO,, CuO), and the compounds of 
composition BaCu0O2, Y2Ba0O,, Y2Cu20s5, Y2BaCuOs, 
with the corresponding erbium and europium 
analogs, in addition to the orthorhombic and 
tetragonal phases of LnBa,Cu;07_x.* We employed 
mainly powder x-ray diffraction (and for some 
samples neutron diffraction) for the bulk 
structural characterization of these ceramic 
powders. 

Finely ground portions of each of these com- 
positions (generally polycrystalline materials) 
were examined in the Raman microprobe. We ac- 
quired the spectra of single particles and ag- 
glomerates ranging in size from %3 to 40 um. 
Often two or three spectra were obtained from 
different probe spots on a relatively large 
single particle (%20 um and larger), to examine 
the material for microscopic compositional 
homogeneity. 
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FIG. 1.--Schematic of the multichannel detec- 
tion Raman microprobe used in obtaining optical 
spectra (Raman and fluorescence) of compounds 
in Ln-Ba-Cu-O system. 


The spectra were obtained with a multichan- 
nel Raman microprobe constructed from commer- 
cially available components. A simplified 
schematic of the microprobe system is shown in 
Fig. 1. The instrument is designed around a 
modified research microscope that is optically 
coupled to a conventional medium-resolution 
Raman spectrograph, and is interfaced with an 
optical multichannel analyzer with an intensi- 
fied diode array detector. Separate Ar* and 
Krt+ cw gas lasers deliver several excitation 
lines from the blue (478.2 nm) to the red 
(647.1 nm) that are convenient for distin- 
guishing fluorescence emissions from Raman 
emissions. A conventional focusing objective 
of large numerical aperture is employed to pro- 
vide a focused beam spot at the sample of about 
2-3 pm in diameter. With 514.5 nm excitation, 
laser powers directed at the sample in the 
probe spot typically vary from 20 mW for the 
less optically absorbing white (i.e., color- 
less), pink, and green phases of these materi- 
als, down to 1 mW for the highly absorbing dark 
(i.e., black) phases. The optically less ab- 
sorbing solids (e.g., Y203, Er203, Eu203, and 
even the green phases Ln2BaCu0s5) are all strong 
Raman scatterers. For these samples, under mod- 
erate (typically 5mW) laser irradiation, spec-~ 
tra can be acquired with integration times of 
less than 1 min. On the other hand, Raman sig- 
nals of the black compositions (e.g., CuO, su- 
perconducting LnBa2Cu307-x), irradiated at pow- 
er levels not exceeding 2-3 mW, are extremely 
weak and require integration times of 30 to 45 
min. These weak signals can be detected only 
with the diode array detector cooled to typical 
ly -38 C for effective lowering of the photo- 
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cathode dark background.?*!® For the most 


part, the spectra are excited with the 514.5nm 
line of the Ar laser and are obtained with a 
spectral resolution of 5 cm’ We examined 
principally two spectral regions, the region 
of normal Raman emissions (i.e., from the ex- 
citing line to »800 cm? Raman shift), and the 
region(s) in which we expect to observe char- 
acteristic lanthanide ion fluorescence emis- 
sions. For the Er**-system, the latter region 
extends from the green to the yellow, covering 
the range from 535 nm ( 800 cm* Raman shift) 
to 1573 nm (%2000 cm? Raman shift, with 514.5 
nm excitation), as reported earlier from the 
study of the fluorescence in the Raman spectra 
of Er,0, and Er>*-bearing silicate and phos- 
phate glasses.'’ A second spectral region of 
Er>* fluorescence exists at longer wavelengths 
in the red, covering the range from 644 nm 
(~3900 cm? Raman shift) to 692 nm (5000 cm7 
Raman shift, from 514.5 nm), as reported ear- 
lier.1”’ The region of fluorescence of Eu3*, 
as observed in our micro-Raman spectra of 
Eu,0; and several europium-bearing glasses, is 
in the range from 575 to 640 nm (or Raman 
shift 2000 to 3800 cm™*, from 514.5 nm). 

Thus, for a 1 wt% Eu,0; silicate glass, the 
major fluorescence band is centered at around 
610 nm.?® 


1 


Results and Dtscusston 


Our earlier work centered on the vibrational 
Raman spectra of the high-Te Y-Ba-Cu-O super- 
conductor.’ We have since examined the analo- 
gous Er and Eu compounds of this composition, 
and their spectra closely resemble those of 
the yttrium 1:2:3 compound. This similarity 
is consistent with the recognition that the 
observed bands are mostly due to Cu-O vibra- 
tions.’ We focus in this paper on the spectra 
of some of the pertinent stable compositions 
prepared in the Y, Er, and Eu based systems, 
especially those in the vicinity of 
LnBa2Cu307_x. Among these compositions, the 
2:1:1 compound (orthorhombic green phase, 
Ln2BaCu0s) is probably the second most exten- 
Sively studied, next to the 1:2:3 supercon- 
ducting phase. It is widely recognized as a 
potentially troublesome insulating phase, and 
is often undetected by the conventional bulk 
methods of analysis.+»’»'? Another common im- 
purity phase reported to be present at inter- 
grain boundaries of polycrystalline YBCO is 
the barium cuprate of composition BaCu02.°? 

Lanthanide ion luminescence is based on the 
electronic configuration of these elements. 
The usual excitation wavelengths from gas la- 
sers used in Raman spectroscopy excite many 
of the electronic transitions within a given 
4f™ configuration, causing very specific Ln** 
luminescence emissions to be observed. These 
emissions can be quite intense, and are fre- 
quently quite sharp and narrow. In the case 
of the Er**-substituted materials, we are 
looking for the laser-excited green and red 
fluorescence emissions which, if they are 
present, originate from the °S3/2 (electronic 


Microparticle Fluorescence Spectra 
1 EroQ3 
2 Y203 (7ppm Er203) 


Xo = 5145 nm 


~~ 


1710 (Er203) 
1701 (Y203) 


ae 


1376 (Y¥20O3) 


=> 
“a 
oO 
N 
- 
WW 
~~ 
eo 
a 
* 
- 


— 890 (¥203) 


902 (Er203) 


INTENSITY 


2000 1600 1400 


1200 


800 


> 
FE 
wn 
z 
W 
= 
= 
1500 4400 1300 1200 1100 
RAMAN SHIFT (cm-1) 
FIG. 2.--Fluorescence emissions observed in the 


micro-Raman spectra of particles of (1) erbium 
oxide (purity 99.99%) and (2) yttrium oxide 
(purity 99.99%, with 7 ppm Er,0,;). Expanded 
wavenumber shift scale shows displacements of 
peak positions more clearly. 


transition "Tis /2 - *S3/2) and "Fg /2 (transi- 
tion “Tis/2 - "Fg /2) emissive states, respec- 
tively. In the case of the Eu?*-substituted 
materials, we are examining the spectra for the 
presence of the red fluorescence emissions, 
which we attribute to the °Do-’F2 transition. 
These relationships provide the basis for 
the present investigations to examine the micro- 
Raman/fluorescence spectra of the Ln**substi- 
tuted YBCO compounds for their analytical use- 
fulness in the characterization of these mater- 
jals. Figures 2-5 show some of the results 
from this work. Figure 2 shows the superposi- 
tion of the microparticle spectra of two of the 
lanthanide oxides, Y,0,; and Er,0,, that have 
been used as starting materials for the prepara- 
tion of various compositions in the BaO(BaCO,) 
- Ln,0;-CuO phase diagram. They are recorded 
beyond the range of the Raman emissions of 
these oxides, and therefore represent true flu- 
orescence spectra excited at 514.5 nm. Both 
oxides are of certified 99.99% purity, with the 
Y,0; containing a certified bulk Er,0, impurity 
of 7 ppm. It is evident that this trace Er** 
impurity gives rise to a 'modified," or shifted, 
fluorescence spectrum of Er,0; that is moderate- 
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ly intense and easily detected. The spectra 
of the two samples are identical (if we disre- 
gard the vast differences in scattering inten- 
sities), except for a frequency shift of all 
bands, which moves the Y,0,:Er3*, or europiun- - 
doped, yttrium oxide spectrum to lower wave- 
numbers. This shift amounts to a Raman shift 
displacement of from 5 to 13'cm7* for the 
bands. We surmise that this spectral shift 
arises from a different electronic environment 
of the Er** ion in some of the yttrium sites 
of the Y,0; lattice. This interpretation 
would then be consistent with other observa- 
tions from lanthanide ion spectroscopy!*, Cites 
that different close-by environments of the 
Ln?* ion can, in principle, yield transitions 
at slightly different frequencies. Thus, this 
Y,0,; sample of 99.99% purity does not appear 
to contain Er,0; in a separate phase. By com- 
parison, a maximum purity commercial sample of 
Y20, (99.999% with 0.4 ppm Er,0,) yielded a 
clean Raman spectrum with low spectral back- 
ground, where any evidence of fluorescence 
emissions from ultratrace Er,0, was totally 
confined to the ripple of the spectral back- 
ground. 

The spectrum observed in the Raman micro- 
probe of the compound of composition Er,-Cu205 
(a blue-green phase) is shown in Fig. 3, super- 
imposed on the spectrum of erbium oxide, Er,0;, 
from which it was prepared. The erbium cu- 
prate ceramic had provided a good powder x-ray 
diffraction pattern, with some indication of 
small amounts of unreacted starting material 
(Er,0,). In the measurements of numerous par- 
ticles and aggregates of this material, con- 
sistent spectra were obtained that showed only 
the Er>* fluorescence emissions of the 
unreacted oxide. All the erbium cuprate 
spectra also exhibit a rising spectral 
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FIG. 3.--Erbium fluorescence emissions, attrib- 
uted to low concentration impurity by Er.0,, 
observed in study of phase of composition 
Er2Cu20s5 (trace a). Spectrum of erbium oxide 
(trace b) is superimposed to facilitate recog- 
nition of this impurity in sample. 
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FIG. 4,--Fluorescence emissions excited in Ra- 
man microprobe measurements of particle of 
Er2BaO,. Raman spectrum of this compound, ex- 
cited at 514.5 nm, is swamped by fluorescent 
emissions. 


background toward lower wavenumbers, thereby 
obscuring the expected Raman emissions below 
800 cm-+, Additional studies on other prepara- 
tions of this compound, with detailed x-ray 
diffraction analysis, will be required to elu- 
cidate further the intrinsic fluorescence and 
Raman scattering properties of this phase. 
However, this example illustrates the sensitive 
detection of unreacted starting material, re- 
sults often difficult to establish by XRD. RD. 

Er2BaO, (a pink phase) is also a composition 
derived from the phase diagram relations con- 
sidered here. The intense fluorescence of this 
phase within the 800 to 2000 cm- range (shift 
from 514.5 nm) is shown in Fig. 4. Fliuores- 
cence emissions of lower intensity overwhelm 
the Raman spectrum below 800 cm-* with 514.5 nm 
excitation. The fluorescence emissions of Er4t 
in this compound are similar to the erbium 
green emissions, when they are compared with 
the spectrum of Er203.77 This oxide has a 
large number of sharp-line intense bands, with 
the most intense feature centered at 1712 cm™* 
(564.2 nm), and two other fairly intense bands 
centered at 1387 cm-* (554.1 nm) and 902 cm™* 
(539.6 nm). Lower-frequency fluorescence emis- 
sions make the detection of the strong Raman 
line at 378 cm-! barely possible with 514.5 nm 
excitation. The intensity of the fluorescence 
spectrum of Er2BaO, permits easy microprobe de- 
tection and identification of this potential im- 
purity phase. 

Nearly as extensively studied as the super- 
conducting compound YBazCu30;_x has been the 
commonly observed principal impurity phase 
YoBaCu0s.'>%>’>% Almost all the phases that 
tend to form in the YBCO system have complicat- 
ed the spectroscopic study of the superconduct- 
ing L225 compound. ° Regarding these secondary 
phases, there is still in many cases no clear- 
cut consensus on the unique assignments of Ra- 
man bands. Yet it seems certain that a band 


800 


often seen around 640 cm™* is probably best 


ascribed to the most intense phonon of BaCuQ02, 
also rated a major impurity phase. Similarly, 
a fairly intense Raman band around 600 cm7?, 
which is often accompanied by a band in the 
vicinity of 390 cm’, is generally attributed 
to the green-phase 2:1:1 compound (Y2BaCu0s). 
We have examined the green-phase compositions 
in the Ln-Ba-Cu-0 system to obtain their Ra- 
man spectra, which are thought to be actually 
resonantly enhanced by 514nm excitation. Fig- 
ure 5 shows the spectra of the Y, Er, and Eu 
based green-phase compositions, obtained from 
single particles which, in each case, were 
about 5 um in size. Excellent scattering in- 
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FIG. 5.--Micro-Raman spectra of green-phase 
compositions in Ln-Ba-Cu-O system (where Ln = 
Y, Er, Eu). Fluorescence is observed from 
none of these compounds. 
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tensities are observed from these compounds, 
even at moderate irradiance levels. Indeed, 
the signal intensities are much greater, possi- 
bly by a factor of 40, compared to those of the 
black superconductor, so that this parasitic 
green phase is easily detected in microprobe 
measurements. The broad and relatively weak 
feature observed in the spectrum of Y2BaCu0s 
centered at 1170 cm-* has been assigned to 
electronic Raman scattering, originating from 
an electronic excitation inthe Cu(II) atom.° 
Although reported so far only for the yttrium 
green phase material, we feel that the corre- 
sponding broad bands, observed close to that 
same frequency for the Er and Eu analogs, can 
be similarly explained. 

If we consider these results from the green 
phase materials, and also the other examples 
discussed earlier, a key implication emerges 
from these findings. The results show that im- 
purity-phase concentrations below the detection 
limit of x-ray diffraction (e.g., in the 1-2% 
range) can still produce micro-Raman spectra, 
and fluorescence spectra, as it may apply, with 
bands comparable in intensity to the Raman fea- 
tures observed for the high-Tce 1:2:3 phase. 
Clearly, the 1:2:3 compound (tetragonal and or- 
thorhombic phase) has a much lower Raman scat- 
tering cross section than many of the secondary 
phases that are commonly present as impurities 
in even the best preparations of YBCO. 
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Surface Analysis 


SECONDARY AND AUGER ELECTRON SPECTROSCOPY AND ENERGY-SELECTED IMAGING IN A UHV-STEM 


G. G. Hembree, F. C. H. Luo, and J. A. Venables 


High-spatial-resolution secondary-electron spec- 
troscopy and energy-selected imaging are power- 
ful tools for the investigation of surface prop- 
erties on a nanometer scale, especially when 
they are applied to the Auger electron signal. 

A new UHV-STEM (ultra-high vacuum scanning 
transmission electron microscope) which incor- 
porated these tools has been developed for the 
National Science Foundation High Resolution 
Electron Microscope Facility at Arizona State 
University.’ In this instrument low energy 
(0-2keV) electrons can be collected through the 
objective lens either from both sides of thin 
samples, or from the input side of bulk samples. 
After collection, the slow electron beams are 
separated from the high-energy beam and deflect- 
ed off axis by electrostatic optics for subse- 
quent energy analysis. Examples will be given 
of both spectroscopy and imaging applications, 
obtained by two types of detectors, at high 
spatial resolution. 

Magnetic parallelizers are used to control 
the angular compression of the emitted secon- 
dary and Auger electrons, which spiral around 
the magnetic field lines as they travel away 
from the specimen.* The parallelizers have ax- 
ial fields of about 100 Gauss and compress all 
these emitted electrons into a cone of less 
than 6°. The sample may be biased negatively 
up to 700 V, which enables us to compress the 
cone angle further and to observe the sample 
using biased secondary electron imaging 
(b-SEI).* A magnetic aperture is used to ter- 
minate the parallelizer field over a distance 
that is short in comparison with the pitch of 
the spiraling secondary electrons. This action 
forms the slow electron beam. After the exit 
aperture of the parallelizer the low-energy 
electrons are deflected slightly off axis by a 
Wien (E x B) deflector to separate them from 
the 100keV beam. Figure 1 is a photograph of 
one of the two deflector assemblies. By switch- 
ing the signs of the fields in this deflector 
the secondary electrons can be either energy 
analyzed for spectroscopy and energy-filtered 
imaging or collected by an Everhart-Thornley 
detector for high-efficiency b-SEI. For spec- 
troscopy this deflector is followed by a grid- 
less cylindrical mirror analyzer (CMA) sector 
(Fig. 2), which provides additional deflection 
to bend the slow electron beam normal to the 
optical axis of the microscopy.” At the present 
stage of development the probe position drifts 
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FIG. 1.--View from 100keV beam entrance side 
of Wien deflector assembly. Note coils at C 
perpendicular to electric plates at P. 

FIG, 2.--Side view of CMA sector showing en- 
trance aperture at A and drift tube for high 
energy beam at D. Large tube at M is for 
mounting and stray flux shielding. 


somewhat during an energy scan due to imper- 
fect compensation in the Wien filter. We are 
experimenting with additional compensation 
coils placed before the deflector to correct 
this drift. 

We have used two detectors at the line focus 
following the CMA (F on diagrams in Ref. 4) to 
obtain secondary-electron spectra and energy 
selected images. The first detector is a 2mm- 
wide slit mounted in front of an electron mul- 
tipler, which produces spectra with an energy 
resolution of around 3%, A secondary-electron 
spectrum obtained by this detector is displayed 
in Fig. 3. Collection efficiencies approaching 
100% for secondary electrons can be obtained 
with larger slit sizes, provided that the par- 
allelizer field has been optimized for a given 
sample bias and collected electron energy. 

The second detector is a concentric hemispheri- 
cal analyzer (CHA) with a 100mm mean radius 
(VSW HA100). With this analyzer the energy 
resolution can be varied over a fairly wide 
range, simply by choosing a combination of slit 
size and electron pass energy consistent with 
the other parameters of a particular experi- 
ment. Typically the CHA has been operated in 
the fixed-retard-ratio 5 mode with a 4 x 10mm 
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FIG. 3.--Secondary-electron spectrum obtained 
from upper surface of thin silicon sample by 

slit detector with current-to-frequency con- 

verter output. 
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FIG. 4.--Secondary-electron images of graphi- 
tized carbon particles lying on gold decorated 
carbon film. Peak and background images ob- 
tained by slit detector with CMA set at and 
just above carbon KLL Auger peak, respectively. 
C KLL image obtained by (A - B)/(A + B) nor- 
malization technique. 


slit size which produces an energy resolution 
better than 1% full width at half-maximum 
(FWHM) . 

An application of the slit detector to ener- 
gy-selected imaging is illustrated by Fig. 4, 
which shows micrographs of a composite sample 
of graphitized-carbon particles on a gold-dec- 
orated carbon film biased to 1100 V. The 256- 
pixel by 240-line digital images were obtained 
from the input side of the sample by means of 
a nominally 3nm-diameter, 0.3nA probe in about 
80 s. The b-SE image was obtained with the 
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FIG. 5.--(a) Oxygen Auger electron spectrum 
from oxide-passivated silicon sample: 100keV, 
0.2nA incident probe with 5nm diameter; 512 
point spectra with 0.1s dwell collected in 
multiple sweeps over 20 min by CHA. (b) High- 
energy resolution silicon KLL Auger electron 
spectrum from silicon surface cleaned in situ 
by 1200 C flash heating. Conditions as in 
previous spectrum except 2nA, 10nm electron 
beam and 10min acquisition time. 


Everhart-Thornley detector collecting all the 
low-energy electrons emitted from the paral- 
lelizer exit aperture. The peak and background 
images were formed by selection of 350eV and 
400eV secondary electrons, respectively, with 
the CMA, which correspond to energies at and 
just after the carbon KLL Auger electron peak. 
The principal difference between the latter two 
images is simply variation of the amount of 
topographic contrast due to the total number of 
electrons collected in each energy range. The 
overall increase in signal at the carbon Auger 
peak can be converted into an element specific 
map by image subtraction and normalization pro- 
cedures that have been explored previously. 

In the examples shown here the algorithm 

(A - B)/(A + B) was used, where A is the image 
at the Auger energy and B is the background im- 
age at an energy 50 eV higher. Image pro- 
cessing was done off line on a work station 
with commercially available software. The re- 
sult of this processing is the carbon KLL map 
in Fig. 4. One can obtain an indication of the 
resulting image resolution by observing the rel- 
ative contrast of the gold islands and their 
supporting carbon film in the circled area of 
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FIG. 6.--Silver crystal grown on Si(100) surface 
tion time, by CHA, except for b-SEI. 
FIG. 7.--Silver crystal grown on SiC(?) particle 
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FIG. 8.--(a) Silver MNN Auger electron spectrum 
from 0.3 monolayer high-temperature intermedi- 
ate layer on Si(100) surface; 20min acquisition 
by CHA. (b) Ag MNN Auger spectrum from surface 
of 100nm-wide silver crystal; 10min acquisition 
by CHA, Beam current 1.57 nA for both spectra. 


the C KLL and b-SE images. 

A typical application of Auger electron 
spectroscopy and mapping is the determination 
of film thickness and element distribution af- 
ter a foreign species has been deposited on a 


at 500 C. 


1.5nA beam current, 20min acquisi- 


on Si(100) surface. Conditions as in Fig. 6. 
semiconductor surface. We have chosen a test 
system from this application, Ag/Si(100), to 
evaluate the capabilities of our spectroscopy 
instrumentation. In situ UHV specimen prepa- 
ration is a prerequisite to obtaining consis- 
tent data in these studies. As an example, 
the CHA was used to acquire the high-resolu- 
tion Auger electron spectra shown in Fig. 5 
from an oxide-passivated bulk silicon sample, 
both before and after the oxide was desorbed 
by flash heating to 1200 C. The sample was 
biased to -700 V and -400 V for the oxygen and 
silicon spectra, respectively. The energy 
scales were shifted by postcollection process- 
ing. Carbon and oxygen Auger peaks were unde- 
tectable after the silicon was flash-heated. 

When silver is deposited on a silicon (100) 
surface, which is held at temperatures near 
450 C, an intermediate layer of around 0.3 
monolayer thickness is grown between epitaxial 
silver crystals.® A typical silver crystal 
grown on Si(100) at 500 C can be seen in Fig. 
6. The Ag MNN image clearly demonstrates that 
better than Snm edge resolution has been 
achieved in the well-focused regions. Another 
Silver island, grown on a presumably SiC con- 
taminant, is imaged at lower resolution in 
Fig. 7. In both of the Si Auger maps the sil- 
ver crystal is black, whereas the SiC particle 
is at different intensities relative to the 
substrate. This difference may be due to the 
deeper escape depth of the Si KLL Auger sig- 
nal. A relative indication of the sensitivity 
of the spectroscopy system can be gained by 
comparison of the signal strengths produced by 
the intermediate layer and the silver islands. 
The spectra in Fig. 8 provide these data, 
which show that 0.3 monolayer deposits of sil- 
ver are clearly detected. Similar work on the 
Ge/Si(100) system is described elsewhere.’ 

To summarize, a new electron spectroscopy 
system has been developed for a UHV-STEM. We 
have demonstrated the capability for high- 
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resolution Auger imaging and spectroscopy with 
100keV electrons at nanoampere currents. The 
example of Ag/Si(100) has shown the potential 
for detailed analytical work with sub-monolayer 
sensitivity on surface systems. 
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INVESTIGATION OF ION BEAM SPUTTER MECHANISMS BY ELECTRON BEAM TECHNIQUES 


Thomas Guerlin, Heinz Niedrig, and Martin Sternberg 


The observation of atomic emission maxima in 
sow-indexed lattice directions (Wehner spots or 
ejection spot patterns) in single-crystal sput- 
tering indicates that besides isotropic energy 
transfer, momentum transfer along preferred 
crystal directions also plays an important role 
in the sputter process.’ This contribution is 
concerned with the investigation of the physics 
of the anisotropic emission of atoms from sin- 
gle-crystal surfaces under ion-beam bombardment. 
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Atomte Emtsston Mechanisms in the Sputter 
Process 


According to Silsbee? one possibility of ex- 
plaining these ejection spots is the assumption 
of momentum focusing along chains of close- 
packed atoms within the crystal: focused col- 
lision sequences or ''focusons." The focuson 
model was calculated in detail by Nelson and 
Thompson.* Figure 1(a) shows a focused colli- 
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sion sequence in a chain of hard spheres, rep- 
resenting the atoms in a crystal. In this mod- 
el it is assumed that the incident ions produce 
an approximately isotropic momentum distribu- 
tion in the depth of the crystal as a result of 
multiple scattering processes and of the in- 
duced statistical collision cascades. A momen- 
tum transferred to an atom in a close-packed 
atomic chain (left part of Fig. 1) produces a 
series of binary collisions in which the direc- 
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FIG. 1.--Mechanisms of anisotropic atomic emis- 
sion from ion bombarded single crystals. 

FIG, 2.--Deposition of sputtered spot pattern 
on hemispherical collector, 

FIG. 3.--Digital recording of electron backscat- 
tering from spot pattern on hemispherical col- 
lector. 


tion of the transferred moments successively 
approximates the direction of the atomic chain. 
If the finally transferred energy is high 
enough, the atom at the surface end of the 
chain is ejected along the chain direction. 

The focusing condition is fulfilled if the 
distance between the centers of two neighboring 
atoms in the chain is less than twice the atom- 
ic diameter; for example, this is the case for 
the <110> direction. 

A preferential ejection can also arise from 
binary collisions within the two atomic planes 
at the surface (Fig. lc) or by emission of sub- 
surface atoms through potential minima between 
surface atoms (Fig. lb): the surface model of 
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Lehmann and Sigmund.* The necessity of this 
model followed from the observation of Wehner 
spots at ion energies below 1 keV, where the 
penetration depth is of the order of the lattice 
distance and therefore focused collision se- 
quences cannot develop. Furthermore, spots have 
been observed in directions in which the focus- 
ing condition is strongly violated and there- 
fore a preferential emission can only be ex- 
plained by the surface model. 

A further hypothetical mechanism for prefer- 
ential directions of atomic emission may be giv- 
en by direct momentum transfers from the inci- 
dent ions to the surface atoms of the target. 
This process might be observed for oblique inci- 
dence of the ion beam by increased atomic emis- 
sion in the direction of reflection. 

A possibility for discrimination among var- 
ious emission mechanisms is to measure the angu- 
lar spread of the spot emission as a function of 
the target temperature. Because a collision se- 
quence will be more affected by thermal vibra- 
tions of the atoms in a chain than a binary col- 
lision, the theory predicts a stronger tempera- 
ture dependence of the angular spread for the 
focuson model than for the surface model.°>® 


Expertmental Arrangement 


The total angular atomic emission distribu- 
tion from a flat single-crystal target can be 
determined by scanning of the thickness distri- 
bution of the film sputter deposited on the in- 
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FIG. 4.--Brightness mod- 
ulated ejection spot 
diagrams of different 
oriented crystal sur- 
faces." 
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ner surface of a hemispherical collector with 
the target in its center (Fig. 2). The cooled 
metal collector has a bore for the incident Ar* 
ion beam of 5 to 25 keV energy. The atomic 
number of its material has to be chosen as dif- 
ferent as possible from the atomic number of 
the target material. Then the thickness dis- 
tribution of the film sputter deposited on the 
collector (10-100 nm thick) and in consequence 
the angular atomic emission distribution from 
the target can be determined from the backscat- 
tering ratio of an electron beam scanned over 
the inner surface of the collector hemi- 
sphere.’~* Digital storage and processing of 
the backscattering data (Fig. 3) permits var- 
ious display modes of the angular atomic emis- 
sion distribution. As an example Fig. 4 shows 
brightness-modulated ejection-spot diagrams of 
variously oriented fcc crystal surfaces. The 
main spots are always <110> directions, whereas 
the weak spots in the Ag (111) diagram corre- 
spond to <100> directions. 


Results 


Temperature Dependence of Ejection Spot Pat- 
terms. Figure 5 exhibits the strong dependence 
of both the spot height and the angular spread 
on the temperature of the sputtered single 
crystal, in this case a silver (111) surface, 

A quantitative evaluation of such measurements 
is shown in Fig. 6. Whereas the observed tem- 
perature dependence of the angular spread for 
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Ag favors the focuson model due to Nelson, for 
Pb the surface model due to Sigmund also ap- 
pears to play an important role, at least at 


higher temperatures.*+>1? 

Dependence on Inetdence Angle of Ion Beam, 
Oblique incidence of the ion beam may affect 
the angular distribution of the emitted atoms. 
For instance, the spot intensities near the re- 
flection direction may be increased by direct 
momentum transfers from the incident ions to 
near-surface target atoms. For investigating 
this hypothetical emission mechansism, spot 
patterns from Au (111) surfaces have been re- 
corded for oblique incidence of 23keV Ar ions 
with angular steps of 5° to 10°. The ion dose 
has been kept constant for each recording.** 

Total two-dimensional angular distributions 


23 kel Ar? => Aw C1113 


ao § 
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FIG. 6.--Angular spread 
of atomic emission into 
(110) spots vs tempera- 
ture of crystal target: 
Comparison experiment - 
theory .12>1? 

FIG, 7.--Y-modulation 
representations of an- 
gular atomic emission 
distributions from 
Au(l111) surfaces for 
oblique incidence of 23 
keV Ar+ ion beam:?4 
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FIG. 8.--Sputter rate 
vs incidence angle of 
Ar* ion beam. 


of the atomic emission for different incidence 
angles 6 are shown in a y-modulation represen- 
tation in Fig. 7. For normal incidence (6 = 0°, 
Fig. 7a) the heights of the three <110> spots 
are approximately equal and correspond to a 
differential sputter rate of about 20 atoms per 
ion and sterad. No background subtraction was 


made. 
For 8 = 20° the spot heights remain approxi- 
mately symmetric around the surface normal, 


whereas the sputter rate increases (Fig. 7b). 

The increase can be understood if one considers 
that the inclined path within the penetration 

depth of the incident ions is more close to the 
surface than for normal incidence. A preferen- 
tial emission caused by the inclined incidence 
cannot be observed within the measuring accura- 


cy. 
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With further increasing incidence angle the 
sputter rate strongly decreases (Fig. 7c) with 
a minimum at 9 = 32°, The spot heights remain 
symmetric. The decrease of the sputter rate is 
caused by channeling effects: the incidence di- 
rection of the ions coincides with the direc- 
tion of open channels in the target crystal. 
The ions then penetrate deep into the crystal 
and the collision energy guided back to the sur- 
face is considerably reduced (Fig. 8). 

For higher angles the sputter rate again in- 
creases (Fig. 7d). A second but weaker minimum 
of the sputter rate due to channeling was ob- 
served near the <221> direction (Figs. 7e and 
8). But even for incidence angles 6 = 68° 
(Fig. 7£) and 75° no distinct asymmetry of the 
spot emission could be found (Fig. 7f)}. An in- 
crease of the spot intensity in the forward di- 
rection, which has been observed by Chadderton 
et al.?* for 80keV ion energy, does not appear 
under our experimental conditions. The frac- 
tion of atoms sputtered by direct near-surface 
momentum transfer from the incident ions appar- 
ently is small compared with the fraction of 
atoms emitted by the mechanisms due to the fo- 
cuson model and due to the surface model, where 
the incident ions after multiple scattering 
processes produce statistical collision cas- 
cades with some collision energy guided back to 
the surface. However, these indirect emission 
mechanisms do not produce any asymmetry in ref- 
erence to the surface normal. 


Conelustons 


Investigations of the temperature dependence 
of the angular spread in sputtering spot pat- 
terns and of the symmetry of the spot patterns 
for oblique incidence of the ion beam indicate 
that the main mechanisms of the anisotropic 
atomic emission are focusing collisions along 
atomic chains and binary collisions between 
near-surface atoms induced by momentum transfer 
from the inner crystal. A direct momentum 
transfer from incident ions and sputtered sur- 
face atoms does not (or only scarcely) occur in 
the energy range around 20 keV. 
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LOW-ENERGY ELECTRON-INDUCED X-RAY SPECTROSCOPY (LEEIXS): 


AN EMERGING 


TECHNIQUE IN SURFACE AND THIN-FILM ANALYSIS 


Marléne Charbonnier, M. J. Romand, and Frangois Gaillard 


Within the last two decades analysis and char- 
acterization of surfaces, interfaces, and very 
thin films have become of considerable impor- 
tance in many fields of modern technology. 

This increasing demand has led to a rapid devel- 
opment of various surface and near-surface ana- 
lytical techniques. Some of these methods, 
such as XPS, AES, SIMS, and ISS, have matured 
both with respect to instrumentation and meth- 
odology and therefore are now sufficiently well 
established. Others are still in their infancy 
but possess a large potential, which is the 
case of low-energy electron induced x-ray 
spectrometry (LEEIXS)1*? discussed below. 


Experimental 


The instrument is a conventional wavelength- 
dispersive x-ray spectrometer in which the exci- 
tation source is an electronically stabilized 
gas-discharge tube working in the primary vacu- 
um of the apparatus (1107+ Torr). The quasi- 
monokinetic electron beam delivered by this 
source is not focused on the sample and the 
area analyzed is about 1 cm?. Typical operat- 
ing conditions are in the range 0.5-5 keV with 
a current intensity of 0.1-0.5 mA. The probed 
depth, which is in the range 5 to 150 nm, is 
determined by the operator and depends mainly 
on the energy of the incident electrons, the 
threshold energy of the core-level involved, 
the wavelength of the x rays analyzed, and the 
nature of the matrix.* Soft and ultrasoft 
x rays emitted in such conditions are dispersed 
by suitable flat crystals, pseudo-crystals, or 
synthetic multilayers, and are detected by a 
flow-proportional counter equipped with a thin 
aluminized polypropylene window (0.5 um) and 
swept with a 90% Ar + 10% CH, gas mixture. 
LEEIXS uses the same mode of excitation as 
Auger electron spectrometry (AES) and electron 
probe microanalysis (EPMA). The energy of the 
electron beam is in the same range for AES and 
LEEIXS and the electron penetration depth is a 
few tens of nanometers. However, both tech- 
niques are quite different in their method of 
analysis. LEEIXS focuses on the products of 
the radiative decay processes after creating 
holes in atoms, whereas AES deals with the cor- 
responding nonradiative processes. The former 
gives, in a nondestructive way, information 
about the near surface of materials (5-150 nm) 
because the escape depth of even soft x rays is 
large compared to the mean free path of outgoing 
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Auger electrons; the latter probes the top sur- 
face of materials (0.5-6 nm). As the electron 
beam energy used with EPMA is generally large 
(20 to 30 keV) the probed depth is much larger 
(v1 um) than in LEEIXS. Thus, as far as the 
excitation depth is concerned, LEEIXS occupies 
a unique and intermediary probing range betwen 
AES and EPMA. To continue the comparison be- 
tween LEEIXS and EPMA, although the sampling 
depth in LEEIXS is about 10 times smaller, the 
volume in which x rays are created is at least 
10’ times greater. In such conditions, it is 
possible to use relatively high current inten- 
sities in LEEIXS while keeping low current 
densities (0.1 to 0.5 mA cm), which consid- 
erably reduces sample damage and permits the 
analysis of insulating materials. By compari- 
son, EPMA uses higher current densities (10 to 
103 mA cm’?). Furthermore, because of the rel- 
atively high current intensities used, LEEIXS 
has an important potential in low-energy x-ray 
emission and particularly in detection of 
characteristic radiations from low-Z ele- 
ments,’°* even though corresponding fluores- 
cence yields are very low (e.g., 0.0085 for 
oxygen). In addition, LEEIXS is also well 
suited for obtaining some chemical information 
via fine structure and/or energy shifts of 
emission bands.* 


Results 


Some examples are given hereafter concerning 
LEEIXS capabilities. The first one deals with 
Cr-N films synthesized on a Ni-Fe alloy sub- 
strate by reactive rf magnetron sputtering of a 
Cr target in various gas-mixtures (nitrogen and 
argon), which permits hard coatings of varying 
stoichiometry to be deposited. Chromium La and 
8 spectra (Fig. 1) recorded with a TIAP crystal 
show the effects of the Cr-N bonding on the 
La/L8 ratio on the one hand, and on the full 
width at half maximum of the Cr La band and on 
the appearance of a nonresolved low-energy sub- 
band characteristic of CrN on the other. Some 
intensity measurements were carried out on Cr 
La and N Ka with a layered synthetic mirror (2d 
= 4.5 nm) used as the dispersing device. The 
energy of the incident electron beam was ad- 
justed to excite each element on a similar 
depth (100 nm}. Figure 2 shows Cr La and N Ka 
spectra recorded in the abovementioned condi- 
tions. We note in this figure the lack of res- 
olution of the layered synthetic mirror, which 
is unable to separate chromium La and L§8 radia- 
tions. As against this disadvantage, its high 
reflecting power allows one to obtain high 
counting rates, especially for nitrogen. 
Cr La/Cr L& intensity ratios vs N Ko/Cr La 


The 
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FIG. 1.--Cr La,8 spectra of (a) CrN and (d) Cr, 
and (b) and (c) nonstoichiometric nitrides re- 
corded with TIAP analyzing crystal. Intensi- 
ties are given in arbitrary units. 


ratios for various samples are represented in 
Fig. 3; the vaiue 1 for N Ka/Cr La corresponds 
to a CrN standard. The linearity of the curve 
shows that the Cr La/Cr L8& ratio is character- 
istic of the stoichiometry. The oxygen traces 
detected on these samples that could partici- 
pate in chromium oxide formation are negligible 
and thus cannot modify Cr La,8 bands. 

To illustrate the capabilities of LEEIXS for 
the analysis of insulating samples, two exam- 
ples are given. The first deals with polymeric 
films deposited on Al substrates from a plasma 
polymerization of an organic monomer (tetra- 
methoxysilane) with an rf generator. The com- 
position and density of the films obtained de- 
pends essentially on the tetramethoxysilane 
pressure in the vessel, and their thickness is 
governed by the deposition duration. LEEIXS 
measurements of C Ka (OHM crystal), O Ka (T1AP 
crystal), and Si Ka (ADP 200 crystal) were car- 
ried out on polymers elaborated during variable 
times under two different pressure conditions. 
The excitation energy was calculated in order to 
probe each element within a 40 nm depth. The 
results of the measurements are shown in Fig. 4 
in the form of Si Ka/O Ka and Si Ka/C Ka inten- 
sity ratios as a function of treatment duration. 
It appears that the samples prepared under low 
pressure show higher ratio values than those 
prepared under higher pressure. Thus, the high- 
er the pressure the higher are the carbon and 
oxygen contents in the "polymer.'' The horizon- 
tal line in Fig. 4(a) represents the Si Ka/O Ka 
intensity ratio corresponding to a standard of 
SiO,. From these measurements, it can be con- 
cluded that the polymeric films mainly contain 
Si0, groups more or less linked by methyl 
groups. This conclusion is supported by Fig. 5, 
which shows the Si K& spectrum on which the Kg! 
satellite characteristic of Si-O bonding appears 
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FIG. 2,.--Cr La,8 and N Ka spectra of nonstoi- 
chiometric chromium nitride, recorded with lay- 
ered synthetic mirror (2d = 4.5 nm). 


13.75 eV away from the Kf band.* 

The other example concerning an insulating 
material analysis deals with polytetrafluoro- 
ethylene (PTFE) chemically treated in a sodium 
naphthalenide solution to improve its adhesion 
properties. An important modification of the 
surface composition can be seen from Fig. 6, 
which shows the intensity change of C Ka (OHM 
crystal), F Ka, and O Ka (TIAP crystal) between 
(a) an "as received" PTFE sample and (b) a 
chemically treated one. A brown carbonaceous 
layer appears on the surface of the latter. 
Figure 7 is characteristic of C Ka normalized 
spectra relative to these samples. It shows a 
larger FWHM for PTFE (C-C and C-F bonds) 
(spectrum a) than for chemically treated PTFE 
(spectrum b), and for the latter shows only 
one kind of bond (C-C) characteristic of the 
defluorinated surface. 


Coneluston 


In dealing with these examples we demon- 
strate the capabilities of LEEIXS for analyzing 
conductive or insulating layers on various sub- 
strates for thicknesses intermediate between 
those probed by AES and EPMA. With respect to 
insulating materials, LEEIXS can be considered 
as a soft technique in terms of current density 
used for excitation. Furthermore, it can de- 
tect light elements (from their K radiation) 
with a high efficiency and, from the band 
structure examination, it can give some infor- 
mation on chemical bonding. In addition to the 
qualitative aspects presented here, LEEIXS is 
also well suited for providing quantitative 
analysis.’** It is therefore a well-adapted 
tool for controlling and optimizing thin-film 
depositions and surface treatment processes, 

In this context, an original application of 
LEEIXS has been proposed by Hecq.° Finally, 
irrespective of the nature of the excitation 
source (electron gun, x-ray tube, synchrotron 
radiation), a great deal of research is in 
progress throughout the world (see, for example, 
Ref. 6) on the study of surfaces and very thin 
films by x-ray emission methods. LEEIXS con- 
stitues one of the available tools. 
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FIG. 3.--Cr La/Cr L& vs N Ko/Cr La | 


intensity ratios for series of non-} &= polymerization duration 


stoichiometric nitrides. 
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‘LEIG. 5.--Si Ko. spectrum 
obtained from polymeric 
film. 


*FIG. 4.--Si Ka/O Ka and 
Si Ka/C Ka intensity ratios 


of series of polymeric films elaborated during various times 
and at different monomer pressures: (o) low pressure, 


(e) higher pressure. 


FIG. 6.--Relative intensitites (in arbitrary units) of 
C Ka, O Ka, and F Ka signals from (a) PTFE sample, (b) 


PTFE sample treated with solution of sodium naphthalenide. 
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FIG. 7.--C Ka spectra obtained with OHM 
analyzing crystal, from (a) PTFE, (b) 
chemically treated PTFE. Intensities 
are given in arbitrary units. 
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ANGULAR RESOLVED ELECTRON SPECTROSCOPY WITH PARALLEL RECORDING 


M. Huang, P. S. Flora, C. J. Harland, and J. A. Venables 


A cylindrical mirror analyzer (CMA) has been 
built with a parallel recording detection 
system. It is being used for angular resolved 
electron spectroscopy (ARES) within a SEM. The 
CMA has been optimized for imaging applications; 
the inner cylinder contains a magnetically 
focused and scanned 30kV SEM electron-optical 
column, which is drawn to scale in Fig. 1. The 
CMA has a large inner radius (50.8 mm) and a 
large collection solid angle (Q2 > 1 sterad). 
The design and performance of the combination 
SEM/CMA instrument has been described 
previously; ! the CMA and detector system has 
been used for low-voltage electron spectro- 
scopy, where an energy resolution (AE/E) of 
1-2% has been achieved.* Here we discuss the 
use of the CMA for ARES and present some pre- 
liminary results. 

The CMA has been designed for an axis-to- 
ring focus and uses an annular type detector. 
This detector consists of a channel-plate/YAG/ 
mirror assembly which is optically coupled to 
either a photomultiplier for spectroscopy or a 
TV camera for parallel detection. The position 
of the detected electrons, as displayed on the 
TV image, contains both the radial (6) and 
azimuthal ($) angular information. The TV 
camera is connected to a video framestore for 
computer processing of the image. Figure 2 
shows the calculated electron trajectories in 
the r,z plane in the region of the detector. 
The higher 6 trajectories strike the detector 
at smaller radius r,; and vice versa. The energy 
transmission function T(E) has been calculated 
by counting which trajectories pass through the 
energy selecting slits Fig. 3(a). The same 
trajectories, for given input angles 6, con- 
tinued to the detector plane, give T(rg) as 
shown in Fig. 3(b). At this setting of the 
energy selecting slit that gives AE/E = 2%, the 
calculated radial angular resolution Ad is 5-6°. 
When the slit is closed to improve AE/E to = 1%, 
A® improves to = 2.5-3°. The ring detector also 
preserves the azimuthal (¢) information, and the 
CMA accepts ¢ between +150°. The angular 
azimuthal resolution is at present limited by 
the CMA input grids to Ag = 5°.! 

An example of an angular resolved image from 
clean Si(11l) is shown in Fig. 4. The pattern 


is brighter at larger radii where 9 = 30° and 
tails off at smaller radii at 6 = 50°. The data 
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Objective lens 


Condenser lens 


VOA 


Alternative thermionic 
gun tip position 


FIG. 1.--Cross section of electron optical 
column, showing electron paths, lens positions, 
and CMA. Angular scale of ray paths (left) is 
exagerated. 


extracted from the pie-shaped box (-120° < 6 < 
-90°) are analyzed in Fig. 5, which shows the 
integrated N(E,6) signal at three energies 
around the Si Auger peak at 1620 eV, compared 
with the distribution expected for cosine 
emission. A comparison between the angular 
distribution obtained from Si(111) and from 
amorphous Si by back-scattered electrons is 
given in Fig. 6, which shows that the amor- 
phous sample does give rise to a cosine dis-~- 
tribution, and that the amorphous crystalline 
differences can be readily detected with our 
parallel recording system. 

Future work is aimed at examining higher 
atomic number substrates, where we expect 
more marked angular variations, and at 
adsorbates on substrates to examine adsorption 
sites. It is also intended to explore angular 
effects as a means of nondestructive depth 
profiling. The $ structure in Fig. 4 is due 
to the grids at the exit slot in the inner 
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FIG. 3.--(a) Transmission function T(E) for detector slit settings of 1.5 mm (full line) and 
zero (dashed line}. (b) Corresponding angular transmission frunction T(rg) for incident angles 
89 = 30-50°, 


FIG. 4.--Angular resolved energy selected image of Si(11l). (Bar = 10 mn.) 
FIG. 5.--Data from pie-shaped box in Fig. 4. 
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cylinder. We intend to eliminate these grids 
by a redesign of the electrodes in this area, 
and to record the angle-resolved and angle- 
integrated signals simultaneously. At this 
point we have demonstrated that we can record 
ARES information in an SEM using our parallel 
recording system, and that data from amorphous 
and crystalline samples can be distinguished. 9 
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FIG. 6.--N(E,@) 
signal for 

E = 3565 eV from 
both amorphous Si 
and Si(111) 
samples compared 
with calculated 
values for a 
cosine distribu- 
tion. 
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INTERFACE SEGREGATION IN A NICKEL BASE SUPERALLOY 


M. C. Koopman and 


Grain boundary chemistry has long been known to 
play a critical role in such varied phenomena 
as high-temperature stress rupture strength and 
microfissuring in the heat-affected zones of 
welds. Although intergranular segregation has 
been documented in nickel aluminides, the behav- 
ior and interaction of nonmetallic elements at 
grain boundaries is not fully understood in the 
high-nickel alloys. The present research is 
directed toward exploring the chemistry of in- 
terface surfaces in an alloy matrix ximilar to 
alloy 718 with controlled interstitial and sub- 
stitutional additions. 


Results 


The base composition contained typical alloy 
718 levels of Ni, Cr, Fe, Mo, Nb, Al, Ti, and 
less than 0.001% of S, B, C, P, Si, Zr, and Hf. 
Four modifications of this matrix were exam- 
ined*~ 0,01 B and 0.1 2r3 0.01 By90.01. C,. 0.1 
Hf, and 0.1 Zr; 0.02 B, 0.15 S,; 0.15 P,. and 
0.0 Zre and 0.0) B;-0.015-S; 0,15 PP, and 0.1 °C. 
Specimens were electrolytically charged with 
hydrogen to promote intergranular fracture. 

The specimens were fractured in the UH vacuum 
of the Auger microprobe, and exposed surfaces 
were analyzed by successive acquisition of 
spectra, sputtering with argon ions, and reac- 
quisition of spectra. Figures 1 and 2 show 
grain boundary segregation of B, and of P and 
B, respectively. The B and Zr doped specimen 
fractured exposing 10-15 grain boundaries, and 
showed consistent B segregation within indi- 
vidual grains and between the three grains ana- 
lyzed. The B, C, Hf, and Zr specimen fractured 
exposing 30-40 grain boundaries and showed 1lit- 
tle variation in B concentration within grain 
boundaries, but there was a factor of two vari- 
ation in the Nb/B ratio between the five grain 
boundaries analyzed. The B, S, P, and Zr spec- 
imen fractured exposing three grain boundaries, 
and showed a factor of two variation in the 
Nb/B ratio within individual grain boundaries 
and between the three grain boundaries. A high 
variation in the P segregation within and be- 
tween grain boundaries was also noted, as well 
as a small S peak on two of the boundaries. Sul- 
fur was seen to segregate strongly to the sur- 
face between MC carbides and the matrix in this 
sample and in the B, S, P, and C sample (Fig. 
3). The B, S, P, and C specimen fractured ex- 
posing 10-15 grain boundaries and showed trace 
concentrations of B on only a few grains. P 
and S were present on all six grains anulyzed, 
and their concentrations were consistent within 
grains. The P concentration varied by a factor 
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FIG. 1.--718 alloy with additions of B, C, Hf, 
and Zr showing segregation of B.to grain 
boundaries. 
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FIG. 2.--718 alloy with additions of S, P, B, 
and Zr showing segregation of P and B to grain 
boundaries. 


of four between grains. 

Although most of the specimens revealed 
smooth curving grain boundaries with slip 
lines intersecting the surface as the only top- 
ographic feature, the B, S, P, and Zr specimen 
showed indications of submicron phases at the 
grain boundaries. The spatial resoltuion of 
the beam during spectral acquisition may have 
overlapped these submicron phases, causing the 
variation in the B, S, and P concentrations. 
Sulfur-rich pahses between 1 and 3 um in size 
were found predominantly near MC carbides and 
may have played a role in the S segregation. 
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FIG. 3.--718 alloy with additions of S, P, C, 
and B showing segregation of S to carbide/ 
matrix interface. 


Coneluston 


In summary, low-level B sergregation was 
found in all samples doped with B. Undoped sam- 
ples showed no B segregation. The highest B 
level was found in conjunction with large P 
segregation; however, significant evidence was 
not found for synergistic segregation of B and 
P, Sulfur was partitioned to the precipiate/ 
matrix interface during solidification, where 
it remained during cooling. Work is continuing 
in this area. Special emphasis in future work 
will consider the effect of heat treatments 
on multi-element segregation of B, P, and S. 
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X-ray Microanalysis (Thin Films) 


SPATIAL RESOLUTION AND DETECTABILITY LIMITS IN THIN-FILM X-RAY MICROANALYSIS 


J. I. Goldstein, C. E. Lyman, and Jing Zhang 


The major advantages of performing x-ray micro- 
analysis in the analytical electron microscope 
(AEM) are the high compositional spatial reso- 
lution and the elemental analysis sensitivity. 
Unfortunately there is usually a trade-off be- 
tween these two advantages. This paper dis- 
cusses the factors involved in the optimization 
of both spatial resolution and sensitivity dur- 
ing x-ray microanalysis and shows the results 
of such optimization experiments for several 
AEM instruments. 


X-ray Spattal Resolution 


Spatial resolution R depends on the size d 
of the focused electron probe and the amount of 
electron beam broadening b in the thin foil 
specimen.?’* Figure 1 shows schematically the 
concept of spatial resolution in thin-foil mi- 
croanalysis. A focused electron probe is shown 
at the top of the thin foil. The incident elec 
tron probe is elastically scattered as it pro- 
gresses through the thin foil and the beam is 
at maximum size at the bottom of the thin foil 
of thickness t. If we assume that x rays are 
generated throughout the scattering process, 
x-ray emission occurs from a volume which is a 
frustum of a right circular cone (Fig. 1). If 
the intensity in the probe is Gaussian and the 
electron distribution remains Gaussian while 
traversing the sample, Reed*® proposed that the 
total amount of broadening Rmax at the bottom 
of the thin foil is given by 


R= vd? + be (1) 


where b is the amount of beam broadening. As 
shown by Michael et al.,* the measured spatial 
resolution is an average of the electron probe 
size over the specimen thickness. In Fig. 1 

we define the spatial resolution R as an aver- 
age of the electron probe size from the top and 
the total beam broadening (Eq. 1) from the bot- 


tom. Thus, R is given by 
d + vd? + b? d+R 
a == (2) 


it is important to define the probe size and 
the resultant beam broadening in a consistent 
way. Recently, Michael and Williams* proposed 
using the combination of the full-width at 
tenth maximum (FWIM) probe diameter d with the 
90% beam broadening diameter b as determined by 
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Specimen 


Thickness t 


FIG. 1.--Definition of spatial resolution R in 
thin-foil microanalysis. (Older but commonly 
used value for spatial resolution in micro- 
analysis is Rmax-) 


Reed.* In this way the probe and beam broad- 
ening diameters each contain 90% of the elec- 
trons and are combined in a consistent manner. 
Based on Reed's single scattering model,* the 
beam broadening b is given in cm by 


b = 7.21 x 10° (9/A)?/2(z/E)t3/? (3) 


where 9, A, and Z are the average density, 
atomic weight, and atomic number of the speci- 
men, respectively; E is the beam voltage in eV; 
and t is the specimen thickness in cm. 

There are several ways to determine the 
probe size d at FWIM in an AEM for a given 
beam current and a specified operating volt- 
age.*>' One method to measure d is to scan 
the focused probe across a sharp edge on a 
thin specimen. Instead of a sharp discontin- 
uous step, a smooth intensity profile is ob- 
tained. The width of this profile is a mea- 
sure of the probe size under the assumption 
of a perfectly sharp edge. For a dedicated 
STEM, such as the Vacuum Generators HB-501, 
this is the only method available to measure 
the probe size. For a TEM/STEM system, it is 
also possible to image the probe directly on a 
photographic plate. If the exposure is con- 
trolled to remain within the linear range of 
the plate, the density level of the probe im- 
age on the film is a measure of the probe in- 
tensity. The intensity profile of the probe 
can be obtained and the probe size can be mea- 
sured using a densitometer. In this study, 
the probe sizes for the Philips AEMs were mea- 
sured by this method. Combining the calcula- 
tion of b and a measurement of d at FWIM, one 
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FIG. 2,.--Schematic depiction of five x-ray ex- 
citation volumes near interface with step 
change in composition of element A. 


can calculate the spatial resolution R using 
Eqs (25 

To optimize spatial resolution, one should 
use the smallest probe size d, most easily ob- 
tained by using a high-brightness field-emis- 
sion gun (FEG). For thermionic sources the 
probe current is reduced to inadequate levels 
at probe sizes <10 nm. This reduction occurs 
pegeuse the probe current is proportional to 

for thermionic sources but not for FEG 
sources.” In addition, specimens should be as 
thin as possible and the highest operating 
voltage should be used to minimize the beam 
broadening b. 

One can determine the spatial resolution R 
experimentally by measuring composition pro- 
files from specimens with abrupt concentration 
discontinuities.**® Figure 2 shows schemati- 
cally how the x-ray excitation volume for a 
given element varies as the focused probe is 
stepped across an interface with an abrupt con- 
centration change. The actual step size should 
be much less than the spatial resolution R so 
that the detailed concentration gradient across 
the interface can be measured. The measured 
concentration variation takes into account the 
finite x-ray spatial resolution, and the dis- 
continuity is measured as an error function 
composition variation across the interface (Fig. 
2% 

As suggested by Michael et al.,? the FWIM 
distance of a Gaussian distribution R scanned 
across a composition ‘step isahorizontal dis- 
tance L that can be usedto help measure the spa- 
tial resolution. If the concentration discontin- 
uity is normalized to 100%, the FWIM across the ap- 
parent concentration variation is represented 
by L between the 2% and the 98% points on the 
compositional profile (Fig. 3). It may be eas- 
ier to measure L from the full width at half 
maximum (FWHM), which is the distance between 
the 12% and the 88% points on the profile, and 
then to multiply that value by 1.82 to obtain L. 

The geometry of the beam and specimen used 
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FIG. 3.--Schematic representation of measured 
profile for element A across step change in 
composition showing definition of L for FWTM. 


to measure the spatial resolution across a con- 
centration step is not the same as that shown 
in Fig. 1.2. In the experimental setup, the 
scattering of electrons parallel to the boun- 
dary where the discontinuity is present occurs 
without a degradation of the spatial resolu- 
tion in one dimension rather than in two di- 
mensions as in Fig. 1. The spatial resolution 
R given in Eq. (2) can be obtained by multipli- 
cation of L, the FWIM across the error func- 
tion, by v2. 

Another test specimen for spatial resolu- 
tion can be conceived as a right cylinder of a 
second phase in a thin foil. If such a cylin- 
drical second phase could be obtained in var- 
ious sizes, the spatial resolution would be 
given as the cylinder diameter where 90% of the 
the signal from the second phase may be ob- 
tained for a given probe diameter. Such a spa- 
tial-resolution specimen is not yet available. 


Mintmum Mass Fractton 


The minimum mass fraction (MMF) is a measure 
of the elemental analysis sensitivity and rep- 
resents the smallest concentration of an ele- 
ment that can be measured with a focused elec- 
tron probe of size d under specified AEM oper- 
ating conditions (kV, probe current, x-ray de- 
tector solid angle, counting time, etc.). The 
analyst can determine the MMF directly for a 
sample of known composition by making relative- 
ly simple measurements on the thin film. The 
approach used in this study to determine the 
MMF is to employ a thin film where element A is 
present and its concentration Ca in the sample 
is known. The analysis requirement is to de- 
tect significant differences between the sample 
and continuum background generated from the 
sample. For a single analysis, we can say 
that I, is significantly larger than the back- 
ground continuum radiation Ib for the ewe 

if the value of I, exceeds Jp by 3(212 Re If 
we use a thin film where element A is Neeser 
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FIG. 4.--Measurement of the electron probe in- 
tensity profile for a Philips EM430T and a 
Philips EM400T AEM. (a) EM430T, 300kV, 50um C2 
aperture, spot size 4 setting; (b) EM400T, 
120kV, 7Oum C2 aperture, spot size 4 setting; 
(c) EM430T, spot size 5 setting; (d) EM400T, 
spot size 5 setting. 


FIG. 5.--Electron probe intensity profiles of 
EM430T, spot size 5 setting at different objec- 
tive lens focusing. (a) Small central peak 
with tail, (b) approximate Gaussian peak. 


and its concentration Ca in the sample is known, 
then® 


ey aad 
A A 

Since the x-ray yield I, varies with film thick- 
ness, the value of MMF varies from one analysis 
point to the other. Therefore the MMF is not 
likely to be constant over an entire sample 
even for the same analysis conditions. 

Ziebold’ showed that trace element sensitivi- 
ty or MMF can also be expressed as 


MMF ~ [P(P/B)T]~1/? (5) 


where P is the pure element counting rate, P/B 
is the peak-to-background ratio of the pure 
element, and T is the counting time. One can 
decrease (improve) the MMF by increasing all 
three factors in Eq. (5). Thus, one may obtain 
improvements in MMF by increasing the electron 
current density and optimizing the x-ray detec- 
tor configuration to increase P, by increasing 


(4) 


the operating voltage to increase P/B, and in 
increasing the analysis time T. Unfortunately, 
the analysis time is limited in most AEM in- 
struments by contamination and specimen drift. 
In an AEM optimized for chemical sensitivity, 
the MMF if typically 0.1 to 0.2 wt% for ele- 
ments near iron in atomic number. In this 
study the MMF was measured for Ni in an homog- 
enous thin foil of an Fe-25 wt% Ni alloy. 


Results: Measurement of R and MMF 


Measurements of the electron probe diameter 
for the Philips 400T at 120 kV and the Philips 
430T at 300 kV were made by direct imaging of 
the probe and measurement of the intensity pro- 
file across the photographic negative by a den- 
Sitometer. To image the electron probe, beam 
scanning was stopped and the microscope imaging 
system was switched from diffraction mode to 
image mode so that, instead of a scan raster, a 
magnified probe image was obtained on the mi- 
croscope viewing screen. The objective focus 
was changed slightly to obtain a focused probe 
image. The error introduced in the probe diam- 
eter by variation of the objective focusing 
length was minimal. The advantage of using the 
microscope imaging mode was that at high mag- 
nification, the current density on the viewing 
screen falls within the linear range of the re- 
cording film. The intensity profiles of the 
magnified focused probe were measured with an 
LKB 222-020 Ultra Scan XL laser densitometer. 

Measured probe diameters (FWHM and FWTM) and 
beam current for the Philips 400T and Philips 
430T at various C2 apertures and probe forming 
conditions in STEM mode are listed in Table 1. 
For the 70um C2 aperture used in the EM400T, 
the measured FWIM of the probe is larger than 
the calculated value for a Gaussian peak, FWHM 
x 1.82. The larger FWIM probe size shows that 
the electron probe has a broad tail distribu- 
tion because of the larger than optimum C2 
aperture size available. For the EM430T with a 
5Oum C2 aperture, the electron probes are ap- 
proximately Gaussian, 


TABLE 1.--Experimentally measured electron 
probe parameters of the Philips EM430T and 
EM400T microscope in STEM mode. 


EM430T 
50 pm C2 aperture 


diameter 
(nm) 


EM400T 
70 pm C2 aperture 


diameter 
(nm )} 


current 
(A) 


current 
(nA) 


85 0 090 
Spot Size 4 238 0 090 
3.9 0 030 
Spot Size 5 11.6 0.030 


Figure 4 shows the measured intensity pro- 
files of the electron probes listed in Table 1, 
at optimum focusing conditions (smallest probe 


Sizes with the minimum tails). For certain 
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FIG. 6.--Calibration curve of 0-10kV x-ray 
counts per pA vs film thickness for Philips 


EM430T and Vacuum Generators HB501. Counting 
time, 120 s. 


probe size and aperture combinations, the opti- 
mum probe for microanalysis was different from 
that which gives the best STEM image. An ex- 
ample is shown in Fig. 5. The probe in Fig. 
S(a), which has a sharp central peak with a 
large tail will probably give a better STEM im- 
age. However, the probe in Fig. 5(b), which is 
approximately Gaussian and is underfocused by 
the objective lens by some 200 nm, will allow 
microanalysis at a higher spatial resolution, 
since it has no significant tail. As demon- 
strated previously by Cliff et al.,° slightly 
underfocusing from the best STEM image condi- 
tion improves the spatial resolution of x-ray 
analysis. For some experimental conditions, 
usually with large C2 apertures, it is not pos- 
sible to achieve a Gaussian probe without a 
tail no matter what underfocusing is used. 

The electron probe size of the HB-501 STEM 
was measured by Michael by use of a small MgO 
crystal.’ An optimum probe with FWIM of 1.8 
nm was obtained with a 50um virtual objective 
aperture. This probe size was used for the spa- 
tial resolution calculations for the VG STEM. 

In the calculation of the spatial resolution R 
of the Philips AEMs, we used the experimentally 
measured FWTM probe size when the electron probe 
was approximately Gaussian, and 1.82 times the 
experimentally measured FWHM probe size when 

the probe was not Gaussian. The spatial resolu- 
tions calculated in this study are the ideal 
values. The practically achievable spatial res- 
olution may be worse due to factors such as 
specimen drift and other instabilities of the 
microscope, as well as nonideal electron probe 
characteristics as discussed above. 

In order to calculate the amount of beam 
broadening from Eq. (3) one must measure the 
specimen thickness t at the analysis position. 
Direct foil thickness measurements were made by 
the EELS log-ratio technique.'°"!? This pro- 
cedure involves measuring the ratio of the total 
area I7 under the electron energy loss spectrum 
from the Fe-Ni thin foil to the elastically 
scattered peak Io, where 


° EM400T, 120kV 
° EM430T, 300kV 
0 HB50i, 100kV 


Minimum detectable Ni (wt%) 


) 10 2» 2 7) 
Spatial resolution (mm) 


FIG. 7.--Relationship of spatial resolution 
and MMF measured for Ni in Fe-25 wt% Ni alloy 
by three AEM instruments. Operating conditions 
are (1) Philips EM400T: 120 kV, LaBg gun, spot 
size 4, 0.09nA beam current, 15.5nm probe diam- 
eter (1.82 times the measured FWHM); (2) Phil- 
ips EM430T: 300 kV, LaBs gun, spot size 4, 
0.26nA beam current, 11.8nm probe diameter 
(FWTM); (3) VG HB501: 100 kV, FEG, 0.3-0.35nA 
beam current, 1.8nm probe diameter (FWTM). 
Counting time, 120 s. Spatial resolution cal- 
culated from Eqs. (2) and (3); specimen thick- 
ness measured from calibration curves in Fig. 
6. 

t= (6) 
An equation for the total inelastic mean free 
path A’ was derived by Malis based on experi- 
mentally measured values of } for various ma- 
terials.'° Absolute thickness can be deter- 
mined to an accuracy of +20%. For a measure- 
ment of the relative specimen thickness at each 
analyzing position, the x-ray count method is 
the most convenient. To use this method, it is 
necessary to measure a calibration curve of 
x-ray counts vs thickness for a specimen of 
similar atomic number. The beam current must 
be measured by an independent method. In this 
study, a calibration curve of 0-10 keV x-ray 
counts per pA vs thickness was measured for a 
120s counting time on an Fe-25 wt% Ni alloy 
for each of the AEM instruments used. The 
specimen thickness was measured by the EELS 
log-ratio technique.?° The calibration curves 
for the EM430T and HB-S01 are shown in Fig. 6. 
These calibration curves are linear for film 
thicknesses up to at least 100 nm. 

In the Philips 400T and 430T AEMs, the beam 
current from the LaBg filament was measured by 
means of a specimen holder electrically iso- 
lated from the microscope column and connected 
to a Keithley 480 picoammeter. The reading 
from the picoammeter was corrected for back- 
scattering to obtain the direct beam current. 
The beam current was quite stable after an ini- 
tial period when the beam current was decreas- 
ing. In the VG HB-501 STEM, the beam current 
was measured by insertion of an electrically 
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isolated slab of Mo into the beam path and ac- 
counting for backscatter. The beam current of 
the instrument was measured frequently during 
the experiment to obtain accurate and continu- 
ous information. 

By combining the calculation of beam broad- 
ening b, using the measured thicknesses of the 
Fe-Ni thin foil and the measurement of d, we 
have calculated the x-ray spatial resolution R 
according to Eq. (2). Calculations of MMF were 
made from measurements of I, and Ipbat specific 
analysis points on the Fe-25 wt% Ni thin foil. 
Figure 7 shows the variation of MMF and spatial 
resolution R in the Fe-Ni alloy. The data are 
given for three AEM instruments: a Philips 430T, 
a Philips 400T, and a VG HB-501, 


Discusston 


The definition of the x-ray spatial resolu- 
tion R has been stated in several different 
forms. We prefer the definition given by Eq. 
(2) and illustrated in Fig. 1 because the spa- 
tial resolution can be shown explicitly on a 
diagram (Fig. 1) and can be considered in such 
a way that the value of R is not tied directly 
to an experiment, for example a step in concen- 
tration at a planar interface. The spatial 
resolution given in Eq. (2) is about 40% larger 
than that defined by Michael et al.? for a 
planar interface and represents a more conserv- 
ative value of R. 

As noted in previous studies’* and in Fig. 7, 
the chemical spatial resolution and the MMF are 
not independent of one another. For the data 
shown in Fig. 7, the electron probe current and 
the probe diameter (FWIM) for each instrument 
is held constant. What is varied is the thick- 
ness of the Fe-25wt% Ni specimens from 20 to 
250 nm. The spatial resolution R approaches 
the beam diameter d in the thinnest specimens. 
The MMF decreases continuously as the thickness 
(and spatial resolution) increases. 

The measured electron probe current in the 
Philips 430T and VG HB-501 are almost the same 
(0.26 nA vs 0.3 nA). Although operating volt- 
ages and EDS collection angles are quite dif- 
ferent, the MMF of both instruments is also 
quite similar, 0.15 to 0.20 wt% Ni. As shown 
in Fig. 7, the variation in optimum x-ray spa- 
tial resolution for the two instruments, how- 
ever, is quite dramatic. 

In order to improve the spatial resolution 
in AEMs with thermionic sources, one should use 
a small d, which minimizes the probe size, and 
also use a thinner specimen to minimize b. 

Both of these improvements degrade the MMF be- 
cause a smaller x-ray intensity P is generated. 
At minimum specimen thickness, the spatial res- 
olution is optimized and controlled by the 
probe size d. The MMF is optimized with thick- 
er samples that force the spatial resolution to 
be 2 to 5 times optimum (Fig. 7). For this 
case the MMF is limited by the factors that 
control the number of x-ray counts collected 
(e.g., probe current, detector collection effi- 
ciency, and collecting time). The usefulness 
of the FEG is clearly illustrated in Fig. 7, 
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FIG. 8.--Ni composition profile for planar 
austenite (fcc) precipitate in plessite region 
of Grant meteorite: (a) STEM image, (b) Ni 
composition profile. 
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where spatial resolution R can be improved by 
almost an order of magnitude from %15 to 1.8 
nm) without any loss of MMF. 

Figure 8 shows a Ni composition profile 
across a planar 10nm-wide precipitate in the 
plessite region of the Grant iron meteorite.*" 
A spatial resolution of roughly 2.5-3.5 nm was 
obtained from a 20nm-thick sample analyzed in 
a Vacuum Generators HB-501 FEG AEM (electron 
probe diameter 1.8 nm FWIM). This spatial res- 
olution is one of the best (smallest) measured 
in real specimens. Unfortunately, not enough 
data points were obtained to define accurately 
the error function composition curve and the 
value of L at FWIM (Fig. 3). The lack of an 
accurate L value leads to the uncertainty in 
the measured spatial resolution. Use of step 
sizes of the order of 0.2 L will lead to more 
accurate fitting of the error function compo- 
sition variation through the measured data and 
hence a more accurate value of spatial resolu- 
tion L. Such a small step size may not be 
practical due to specimen-borne contamination. 


A modest amount of specimen drift was present 
during the measurement although a computer 
specimen drift correction program was used. 
This factor also led to an increase in the mea- 
sured spatial resolution. Finally, the planar 
precipitate was probably not wide enough for 
the spatial resolution test, since a flat por- 
tion of the composition must be measured on 
both sides of the discontinuity in order to 
calculate the error function composition varia- 
tion. 

Prospects for improved spatial resolution 
and chemical sensitivity include combined use 
of intermediate voltages (300-400 kV) with the 
field-emission gun, optimization of x-ray in- 
tensity by use of higher collection angles and 
multiple x-ray detectors, longer counting times 
due to improved stage and electron beam stabil- 
ity, and the development of compact wavelength- 
dispersive spectrometers (WDS) to increase the 
peak-to-background of x-ray measurements.?° 
Some of these instrumental developments will 
soon be available. However, the employment of 
two or more EDS detectors will need to be care- 
fully explored. Both detectors must see the 
same region of the sample. However, each de- 
tector will receive x rays absorbed along dif- 
ferent specimen path lengths unless very spe- 
cial geometrical conditions are used.+ 

One can examine the effect of the instrumen- 
tal improvements on the spatial resolution and 
MMF discussed above. Because of the higher 
brightness FEG, one will have available a 0.5nA 
beam current in a 1.0-1.5nm (FWTM) focused 
probe. With this small probe and high probe 
current, it should be possible to analyze thin 
foil specimens 10nm thick and obtain a spatial 
resolution of the order of the FWIM of the fo- 
cused probe, 1.0 to 1.5 nm. With the use of a 
longer counting time (for example, 1200 s, due 
to increased stage and beam stability) and two 
EDS detectors at higher collection angles than 
available at present, it should be possible to 
obtain a MMF of 0.05 wt% with the improved spa- 
tial resolution discussed above. With the im- 
proved spatial resolution one should be able to 
measure x rays from about 1.5« 10°71? g of ma- 
terial. With an MMF of 0.05 wt% for a given 
element, one could detect the presence of as 
little as 7.5 x 10°*? g of that element. Ina 
specimen of an iron-base alloy, this spatial 
resolution and MMF allows the detection of as 
little as one atom of an element of interest in 
the iron-base alloy. The AEM would then be 
capable of single-atom analysis, a very excit- 
ing achievement. In specimens of average atom- 
ic number significantly lower than iron, the 
detection of single atoms of low atomic number 
in the analysis volume is more difficult. 

Some concern must be raised about the effect 
of specimen preparation techniques on thin- 
specimen chemistry, electron-beam effects at 
high operating voltages, less than optimal vac- 
uum at the specimen, and whether increased P/B 
can be achieved at higher voltage if the hole 
count becomes worse at such voltages.’ The 
hole count on current instruments has not pre- 
vented analysis, but for the very best values 
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of MMF it will have an effect since it will 
tend to reduce the peak-to-background ratio 
for an element in a local area. For example, 
the hole count tends to be a more serious 
problem as the atomic number of the specimen 
increases. Thus, it is likely that this ef- 
fect of hole count on MMF will be worse for 
platinum in alumina than nickel in iron.?’ 


Conelustons 


This paper has shown detailed measurements 
of spatial resolution R and chemical sensitiv- 
ity MMF from FEG and thermionic emission AEM 
instruments. For all these instruments there 
is a clear trade-off between R and MMF and an 
optimum value of R and MMF can be obtained. 
The FEG instrument is clearly superior, offer- 
ing higher spatial resolution for comparable 
values of MMF. Future developments in instru- 
mentation promise an improvement in both fac- 
tors. 
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APPLICATIONS OF HIGH-RESOLUTION X-RAY MAPPING 


Anthony J. Garratt-Reed 


It has been well established that x-ray imaging 
(mapping) of samples at high magnification in a 
field-emission analytical electron microscope 
is a viable technique when some form of correc- 
tion is employed to compensate for the unavoid- 
able image drift that occurs during the some- 
what extended acquisition time of the images.’ 
It is the purpose of this paper to discuss 

xX ray mapping, and to present examples where 
high-resolution mapping provided data that were 
unique and essential to solving the problems 
under investigation. 


2 


Techntque 


The goal is to obtain a map containing the 
required information in the shortest possible 
time. As with all x-ray analysis problems, 
x-ray mapping depends on collecting a statisti- 
cally significant set of data related to the 
sample. For most purposes, optimum results are 
obtained when the x-ray detector is operating 
at its maximum count rate, although one can, by 
compromising the count rate (and hence the pre- 
cision of the chemical analysis), improve the 
spatial resolution of a system, a trade-off 
that applies to mapping exactly as to any other 
form of x-ray microanalysis.° 

For the purpose of this discussion, we can 
differentiate two extreme conditions: (a) iden- 
tification of areas of essentially pure ele- 
ments, and (b) revelation of subtle changes in 
composition (including the presence or absence 
of an element at trace levels). In case (a), 
we can ignore the contribution of bremsstrah- 
lung x rays to the spectrum (for, in most cases, 
the bremsstrahlung in a window encompassing a 
peak is about 1% of the intensity of the peak), 
and conclude somewhat arbitrarily that the de- 
tection of three counts of an element indicates 
its presence, whereas the absence of the ele- 
ment leads to zero, or at most one count in a 
pixel. The x-ray system can count typically at 
3000 cps, with about half this number (1500 
cps) in a single elemental peak (for the K-line 
of a medium-atomic-weight element). Hence 
three counts are typically recorded in 2 ms, 
which may therefore be regarded as the shortest 
useful pixel dwell time for x-ray mapping. 

At the other extreme, when attempting to map 
very low concentrations of an element, one must 
consider the peak-to-background ratio of the 
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X-ray spectrum. It has been shown that for K- 
lines of medium-atomic-weight materials, the 
peak-to-background ratio (for windows of equal 
and reasonable width) is about 100:1.% Hence, 
when one looks for trace elements in the pres- 
ence of a single dominant species, the brems- 
strahlung count rate in the window for the 
trace element will be about 15 cps. If a 1% 
concentration of the trace element is present, 
it will also contribute 15 cps to the window, 
for a total of 30 cps. If we require each pix- 
el to be significant without reference to its 
neighbors, the dwell time must be long enough 
to distinguish statistically between these 
cases. This condition is met with a 1.5s ac- 
quisition, recording an average of 23 + 10 
counts from the bremsstrahlung or 45 + 14 
counts from the bremsstrahlung plus the trace 
element. Since a 128 x 128 pixel image con- 
tains 16 384 pixels, such an image would take 
about 25 000 s (or nearly 7 h) to acquire. 

In fact, in mapping, we almost always over- 
sample (acquire overlapping pixels), and if we 
only require that any group of four pixels ar- 
ranged in a square have a statistically signif- 
icant number of counts, the required pixel 
dwell time becomes about 0.4 s and the image 
acquisition time becomes less than 2 h. We 
may regard that as a practical upper limit to 
the acquisition time (and, hence, 1% concen- 
tration as the minimum detectable by mapping), 
for, at least in microscopes with field-emis- 
sion guns, the beam is not sufficiently stable 
for much longer acquisitions. If we can ac- 
cept a minimum detectable concentration of 2%, 
the required dwell time becomes 0.1 s, and the 
image acquisition time is 0.5 h. 

We can estimate the maximum useful magnifi- 
cation by considering the beam/specimen condi- 
tions that produce the maximum x-ray count 
rate.* For a 100kV field-emission microscope, 
with a 0.078sr solid-angle x-ray detector, the 
optimum resolution (FWTM of the cylinder of 
x-ray production) is 3.8 nm. Since, by Shan- 
non's theorem, we want to sample the data at 
twice the maximum frequency we wish to repro- 
duce, the pixel spacing must be 1.9 nm and a 
line of 128 pixels covers 243 nm. If this 
line is reproduced on a CRT 8 cm wide (a typi- 
cal value), the magnification will be about 
330 000x. By a similar argument, the maximum 
useful magnification in a 300kV field-emission 
microscope with a detector of 0.3sr solid angle 
would be 1 000 000x. As was mentioned above, 
the maximum useful magnification would be in- 
creased if a higher-resolution, lower-sensitiv- 
ity mode of analysis was being undertaken. 
Performing mapping at a magnification higher 
than the figures given above is statistically 
equivalent to mapping with a smaller number of 


pixels, but with an increased dwell time; the 
result is to give an equivalent increase in 
the statistical significance of the data, and 
quite possibly a more pleasing picture. For 
example, a 128 x 128 map acquired at 600 000x 
on the 100kV microscope at 0.1 s/pixel would 
contain the same information as a 64 x 64 map 
of the same area acquired at 0.4 s/pixel, but 
would appear to the eye as a “better'' map. At 
the other extreme, one must also be wary of 
underscanning; that is, using a magnification 
so low that the beam samples only a very small 
fraction of the total area. An example will be 
given later. 


Drift Correction 


At the magnifications discussed above, and 
for the acquisition times mentioned, even very 
smal] drift rates (quite compatible with, for 
example, high-resolution imaging) can cause 
distortion of the images. Although providing 
adequate settling time for the sample and mi- 
croscope to stabilize is critical, it is vir- 
tually impossible to eliminate drift altogether, 
and efforts have been made to apply computer- 
mediated compensating corrections. 

The method employed by the commercial soft- 
ware provided by Link Systems is to identify a 
feature within the image, and, at predetermined 
intervals, to check the position of this fea- 
ture. A correction based upon the drift so de- 
termined is then applied to the beam position. 
This method works well at moderately high mag- 
nifications, when suitable high-contrast fea- 
tures are discernible in the field of view. 
very high magnifications, there is frequently 
no suitable image feature to use for a refer- 
ence. To overcome this problem, Long and 
Glaisher have used a different method of drift 
correction.’ They acquired an image and maps 
without correction. They then used commercial 
image analysis software to transform the image 
to correct the distortion introduced by the 
drift, and performed the same transformation to 
correct the maps. This method depends on the 
drift being small and sensibly constant over 
the period of the acquisition, and also upon 
the image having suitable features to allow the 
transformation to be determined. They have ap- 
plied it with good effect to the analysis of 
multilayer structures, for example. * 

An interesting difficulty arises with the 
Link Systems software if the time between 
checks of the position is too short. It can 
happen that the drift detected is less than 
half a pixel, in which case no correction can 
be applied. However, the most recently ac- 
quired image of the reference point is saved as 
the new reference image, so on the next 
check, again less than half a pixel of drift 
is detected, and again no correction is applied. 
The remedy is to increase the time between 
checks of the reference point. 


At 


Examples 


All experiments were performed in a VG Mi- 
croscopes HB5 STEM. For most experiments, the 
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probe size was of the order of 2 nm, and the 
probe current was 0.2-0.4 nA. The x-ray detec- 
tor was a Link Analytical LZ5 windowless ener- 
gy-dispersive x-ray spectrometer with a reso- 
lution of 137 eV at 5.9 kV, subtending a solid 
angle of 0.078 sr at the sample. The x-ray 
spectra and images were acquired on a Link 
Analytical AN10000 analyzer running the Link 
Demon Plus operating system and version 5S of 
the Link program suite. Acquisition time var- 
ied according to the experiment, but was typi- 
cally in the range 40-100 ms per pixel, for 
128 x 128 pixel images. 

Al-1%Si wire, 0.04-0.05 mm in diameter, is 
widely used in the electronics industry to 
form interconnections between IC chips and 
their headers. The microstructure of the wire 
consists of essentially pure Al with Si pre- 
cipitates. The mechanical properties depend 
critically on the size and number density of 
the silicon particles, which in the best wire 
are a few tens of nanometers in diameter. 
Figure 1 shows a micrograph of such material. 
Some silicon particles are visible, but the 
structure of the foil potentially hides other 
precipitates. The Si image clearly shows all 
the silicon particles, and allows the number 
density to be estimated, as well as the size 
range. 

For optimal performance, SiC whiskers used 
as reinforcement in composite materials re- 
quire surface treatment. One such program in- 
volves coating the whisker with carbon, and 
then a further layer of SiC. The whiskers are 
of the order of micrometers in diameter and 
are not electron transparent. However, by ex- 
amining the edge of the whisker, we hoped to 
study the coatings. Figure 2 shows a whisker 
as described above. Very little information 
can be deduced from the annular dark-field im- 
age. However, the maps of silicon and carbon 
show clearly that although the initial carbon 
layer is continuous and quite uniform, the 
overcoat of SiC is not a continuous film, but 
has separated into islands. The same concju- 
sion could possibly have been reached by prob- 
ing of the sample, but the map has an immedi- 
ate and unambiguous visual impact. Incidental- 
ly, though not relevant to the investigation, 
the oxygen image clearly reveals the native 
oxide layer on the original SiC whisker, dem- 
onstrating the power of mapping even for thin 
layers of light elements. 

Magnetotactic bacteria typically synthesize 
Fe304.° Some such organisms, however, which 
inhabit high-sulfur low-oxygen environments, 
synthesize instead iron sulfides. Figure 3 
shows two magnetosomes from such an organism, 
with the Fe, S, and O maps. The particles ap- 
pear larger in the Fe map than in the S map. 
From the 0 map it is clear that the particles 
have a thin coating of oxide. The significance 
of this observation is at present unknown, but 
it most certainly would not have been made 
without the map, since it would not have oc- 
curred to the operator to probe the edge of 
the particles. 

Other applications of x-ray mapping in this 


FIG. 1.--Image and Al, Si, and Cu maps of section of Al-1%Si wire. Bar = 1 um. 

FIG. 2.--ADF image, and C, 0, and Si maps of coated SiC whisker. Bar = 50 nm. 

FIG. 3.--Image, with Fe, S, and O maps of two magnetosomes in magnetotactic bacterium. 

Bar = 25 nm. 

FIG. 4.--Image of deposits from flue gas, showing positions of beam during earlier map acquisi- 
tion. Bar = 100 nm. 
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undersampling an area. The sample is a deposit 277 
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from flue gas, which is highly beam sensitive. : 

It had been mapped at low magnification, and tifte Ve ee ss —— Frankel, Seten- 
the high-magnification image (Fig. 4) clearly : a i 
shows the points at which the beam was posi- 
tioned for each pixel acquisition. Some small 
particles in the sample have been entirely 
missed. The simplest way to overcome this defi- 
ciency is to defocus the probe, but a more sat- 
isfying method is to acquire the map with a 
larger number of pixels, and a correspondingly 
shorter dwell time. 


274 


J R Michael and Peter Ingram, Eds , Microbeam Analysis — 1990 
Copyright © 1990 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 


APPLICATION OF PARALLEL COMPUTING TO THE MONTE CARLO SIMULATION OF ELECTRON 


SCATTERING IN SOLIDS: 


A. D. Romig Jr., 
X-ray microanalysis by analytical electron mi- 
croscopy (AEM) has proved to be a powerful tool 
for characterizing the spaital distribution of 
solute elements in materials. True composi- 
tional variations over spatial scales smaller 
than the actural resolution for microanalysis 
can be determined if the measured composition 
profile is deconvoluted. Explicit deconvolu- 
tions of such data, via conventional techniques 
such as Fourier transforms, are not possible 
owing to statistical noise in AEM microanalyti- 
cal data. Hence, the method of choice is to 
accomplish the deconvolution via tterative 
eonvolutions.1 In this method, a function de- 
scribing the assumed true composition profile, 
calculated by physically permissible thermody- 
namic and kinetic modeling, is convoluted with 
the x-ray generation function and the result is 
compared with the measured composition profile. 
If the measured and calculated profiles agree 
within experimental error, it is assumed that 
the true compositional profile has been deter- 
mined. If the measured and calculated composi- 
tion profiles are in disagreement, the assump- 
tions in the physical model are adjusted and 
the convolution process is repeated. To employ 
this procedure it is necessary to calculate the 
X-ray generation function explicitly. Although 
a variety of procedures are available for cal- 
culating this function,*~* the most accurate 
procedure is to use Monte Carlo modeling of 
electron scattering.°°° 


Researeh Objectives 


Monte Carlo simulations of electron scatter- 
ing, and the calculation of the x-ray genera- 
tion volume, in thin film and bulk specimens 
have been performed for many years. There are 
many uses of Monte Carlo simulations in elec- 
tron microscopy and x-ray microanalysis; one 
very important application is to use it as a 
tool to investigate x-ray spatial resolution. 
The ideal application of the Monte Carlo simu- 
lation (once it is demonstrated that a particu- 
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A RAPID METHOD FOR PROFILE DECONVOLUTION 


S. J. Plimpton, J. R. Michael, R. L. Myklebust, and D. E. Newbury 


lar Monte Carlo code actually models all as- 
pects of electron scattering) is to explore a 
parameter space larger than one can conve- 
niently explore experimentally. For example, 
if a Monte Carlo simulation accurately de- 
scribes the spatial resolution for x-ray mi- 
croanalysis in a thin film of some thickness, 
it is easier and more efficient to examine 
spatial resolution in specimens of other thick- 
nesses by Monte Carlo simulation than by addi- 
tional experiments. However, the widespread 
application of Monte Carlo modeling has never 
been realized in the microanalysis community 
for such problems because of the computation 
intensive nature of the Monte Carlo algorithm 
(e.g., many hours of computer time were re- 
quired to run one simulation which might im- 
prove one's ability to interpret data; the 

time required was so large that it was not pos- 
sible to use the calculations to improve ex- 
perimental measurements in a time effective 
way). However, the development of parallel 
computation architectures has vastly improved 
the efficiency of Monte Carlo simulations. It 
was therefore the objective of this work to in- 
vestigate the utility of the parallel-computa- 
tion methodology for Monte Carlo simulations 

of electron scattering in solids as it applies 
to x-ray microanalysis in bulk and thin film 
specimens. To attain the objective, the NIST 
(National Institutes of Standards and Technol- 
ogy} Monte Carlo algorithm®?® was modified to 
utilize a parallel architecture. The new par- 
allel code was tested on a variety of micro- 
analtyical problems, in bulk and thin film 
specimens, to demonstrate its validity. An im- 
portant result of the parallel Monte Carlo sim- 
ulations was the significant reduction in com- 
putation time compared with Monte Carlo simula- 
tions run on a variety of traditional comput- 
ers (from workstation to supercomputer). It 
was clearly shown that the time advantage in 
solving such problems with parallel computation 
methods is so significant that Monte Carlo mod- 
eling becomes a useful real-time tool for mi- 
croanalysis. Specifically, it was demonstrated 
that parallel Monte Carlo calculations are a 
very rapid method for the deconvolution of com- 
position profiles measured by AEM. 


Monte Carlo Modeling 


The basic principle of a Monte Carlo elec- 
tron trajectory simulation is to calculate the 
path of each electron in a stepwise manner, ac- 
counting for both elastic and inelastic scat- 
tering.’ The distance between scattering 
events, the scattering angles, and the rate of 
energy loss with distance are calculated from 
physical models. Random numbers are used to 
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physical models. Random numbers are used to 
select the scattering angles so that, for a 
large number of electron trajectories, the re- 
sulting probability histogram closely resembles 
the actual angular distribution for single 
scattering events. To obtain physically mean- 
ingful results, a large number of electron tra- 
jectory simulations are required (usually of 
the order of 10°). For electrons scattering in 
a solid, elastic scattering generally results 
in trajectory changes of less than 5°, but scat- 
tering through angles as large as 180° is pos- 
sible. Elastic scattering events do not alter 
the energy of the electron. Inelastic scatter- 
ing decreases the energy of the electron, but 
the scattering angle is very small, typically 
less than 0.1°. In this Monte Carlo model, the 
energy loss is described by the Bethe continu- 
ous energy loss function and any slight change 
in electron trajectory during an inelastic 
scattering event is ignored. For more detail, 
see the review paper in this volume.’ 


Parallel Computatton of Monte Carlo Seattering 


Monte Carlo simulations are obviously very 
computation intensive. Even in a thin film, a 
very large number of calculations is required 
to simulate the electron beam/specimen interac- 
tion for a single analysis point (i.e., 10° 
trajectories incident at a single point}. For 
profile deconvolutions, as many as 100 incident 
points may be required to calculate the compo- 
sition profiles and up to 10 iterations using 
various physical models may be required. 

Hence, up to 10° trajectories may be required 
to determine a single composition profile. The 
computation-intensive nature of Monte Carlo sim- 
ulations and the fact that the scattering of 
each primary electron is independent of all 
other primary electrons suggests that such prob- 
lems are ideally suited to computer simulations 
by machines with a parallel architecture. 

The NCUBE 2 parallel computer used in this 
work has 1024 processors; hence 1024 trajec- 
tories (each with a unique starting random num- 
ber) can be simulated simultaneously. The 
NCUBE 2 has a computing architecture well suit- 
ed for this approach; it is a MIMD (Gnuitiple 
instruction-multiple data) machine where each 
processor (or node) executes a copy of the sim- 
ulation program independently on its own data 
set. Messages can be passed between nodes at the 
end of the simulation to sum the results. Each 
of the 1024 nodes on the NCVUBE 2 at Sandia has 
a V1.0 Mflop CPU with%l Mbyte of memory. The 


nodes are intercennected in a hypercube topology. 


Only two basic changes were necessary in 
adapting the original serial version of the 
Monte Carlo simulation to a parallel code. The 
first was a restructuring of the simulation so 
that the basic algorithm became the following: 
(1) input the simulation parameters for a run 
of N total trajectories and send a copy of the 
parameters to all P nodes, (2) simulate N/P 
trajectories on each node, (3) combine the 
binned simulation data by sending messages be- 
tween nodes, and (4) output the results. Step 
2 requires nearly all the computation time; 
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step 3 can be performed very quickly owing to 
the high connectivity of the hypercube archi- 
tecture. This restructuring requires no modi- 
fication of the basic physics routines by 
which the electron trajectories are calculated. 

The second change was to alter the random- 
number generation scheme. In the typical ser- 
jal Monte Carlo program, an initial random- 
number seed is supplied by the user. A se- 
quence of random numbers is generated from the 
seed and used for successive trajectories; 
i.e., the first electron uses the first few 
random numbers, the next trajectory uses a few 
more, etc. The drawback is that one does not 
know a priori with which random number the nth 
trajectory will start. Hence, a parailel sim- 
ulation cannot duplicate the serial results. 
This fact is important for both debugging/ 
developing the simulation and because, in 
practice, programs can be run on the NCUBE 2 
on any available power-of-two subset of nodes 
(up to 1024 maximum). 

To overcome this drawback, a pseudo-random 
number tree scheme was implemented as dis- 
cussed in Fox® and detailed by Frederickson. ° 
It insures identical results independent of 
the number of processors on which the simula- 
tion runs. Each node is assigned one or more 
sets of N/1024 trajectories to simulate (e.g., 
for a run of 10 000 trajectories on 64 nodes, 
each node simulates 16 sets of 9 or 10 trajec- 
tories each}. When each set is begun, a new 
random-number seed is used to restart the pri- 
mary random-number generator. The new seeds 
come from a list of 1024 seeds each node cal- 
culates at the beginning of the simulation run 
from a second random-number generator. The 
second generator is started with the initial 
seed specified by the user; hence, one random- 
number seed is still sufficient to create all 
the trajectories. Since each node uses the 
same list of 1024 seeds and uses the appropri- 
ate seeds from the list for its own set(s) of 
N/1024 trajectories, the same trajectories are 
simulated regardless of which processors they 
run on. The accuracy of this method depends 
on the second generator producing seeds that 
are far apart in the sequence of random numbers 
created by the primary generator. As pointed 
out by Percus,?” this condition is not guaran- 
teed for all choices of generators, but in 
practice satisfactory results were achieved; no 
statistical biases were seen in the Monte Carlo 
results. Evidence that the random-number gen- 
eration scheme, or in fact the entire processes 
of parallelizing the code, did not affect the 
results of the Monte Carlo simulation is shown 
in Fig. 1. Here, backscatter electron coeffi- 
cients in bulk targets at 20 keV vs atomic num- 
ber are shown. The open circles represent the 
parallel computation results and the theareti- 
cal curve is a parametric fit to experimental 
data.'} The agreement is excellent. 

The timing results from the simulation on 
all 1024 nodes of the NCUBE 2 were compared 
with those from three conventional computers, 

a VAX 785, a DEC 3100 workstation, and one pro- 
cessor of a CRAY-XMP 4/16. The algorithm is 


© Simulation 


—- Theory 


BS Coefficient 


FIG. 1.--Comparison of backscatter electron co- 
efficients for bulk targets at 20 keV, illus- 
trating validity of new parallel simulation. 
Theory line is parametric fit to experimental 
data.** 


written in standard Fortran 77; all the codes 
were compiled by use of the best optimization 
level available on that machine. For a run of 
100 000 electrons (20 keV) into bulk Cu, the 
timings (in seconds) were as follows: NCUBE = 
32.1, VAX= 64 650, DEC = 23 900, CRAY = 4699. 
Thus, the NCUBE is 146 times faster than the 
CRAY for bulk simulations. The NCUBE was found 
to be 85% efficient for bulk simulations, mean- 
ing 1024 nodes are 870 times faster (0.85 x 
1024) than a single node. The extra 15% is 
lost in the waiting that occurs because some 
nodes finish their trajectories a little sooner 
than others, and in the part of the simulation 
that is not performed in parallel (e.g., the 
input/output). 

For thin film runs of 100 000 electrons into 
a Cr/Fe/Ni film (discussed in this paper), the 
timings (in seconds) were as follows: NCUBE = 
4.81, VAX = 1350, DEC = 425, CRAY = 56.73. 
Here the NCUBE is 11.8 times faster than the 
CRAY. The difference between this and the bulk 
case is that in thin-film simulations there are 
a few high-angle scattering events that leave a 
high-energy secondary electron traversing the 
film parallel to the film surface. This event 
takes a much longer time to simulate than a 
typical trajectory where the primary electron 
passes quickly through the film. These anoma- 
lously long trajectories skew the computational 
balance so that 95% of the processors end up 
having to wait for the other 5% to finish. 
This skewing cut the parallel computing effi- 
ciency to 13% in this instance. However, some 
of this speed loss is recovered in practice, 
since (as in this paper), a thin-film simula- 


tion is usually run on a series of spaced beam 
impact points (e.g., across an interface). 

The simulation assigns a subset of processors 
to the trajectories for each point and the 
whole set of impact points can then be run in 
parallel. This procedure has the effect of 
increasing the efficiency (and thus the over- 
all speed for the simulation), since each pro- 
cessor simulates more trajectories and the run 
times of different processors became more uni- 
formly balanced, For example, the same thin- 
film simulation on 16 incident points (100 000 
electrons incident at each point) runs in 20.0 
s on the NCUBE, which is 45 times faster than 
it runs on the CRAY. 

Monte Carlo trajectory simulations such as 
this one can be vectorized for the CRAY. How- 
ever, this step requires significant changes 
to the basic algorithm and data structures so 
that vectors of particles are followed simul- 
taneously. Work on codes similar to this one 
have shown speed-ups on the order of 8x can be 
achieved by such efforts.?? 


Stimulation of Monolayer Impurity at a Gratn 
Boundary . 


This simulation considered the calculation 
of a composition profile in a thin film target. 
The target was a 25nm-thick film of Al, with a 
monolayer thick slab of Cu was oriented paral- 
lel to the incident electron beam. The results 
of two simulations are shown in Fig. 2. The 
first simulation is for a lnm probe at 100 keV 
(typical of a modern cold field-emission analy- 
tical electron microscope). The apparent com- 
position at the boundary is approximately 62 
wt% Cu. Apparent compositions of less than ap- 
proximately 0.1 wt% would be below the back- 
ground and not measurable. Hence, at distances 
exceeding 3 nm from the boundary the Cu signal 
has essentially decreased to zero. The second 
Simulation is for a 20nm probe at 200 keV, typ- 
ical of a modern thermionic source (LaBg) ana- 
lytical electron microscope. The apparent 
composition at the boundary is approximately 
4.9 wt% Cu. Apparent compositions of less than 
approximately 0.1 wt% would be below the back- 
ground and not measurable. Hence, at distances 
exceeding 30 nm from the boundary the Cu signal 
has essentially decreased to zero. An inter- 
esting conclusion to be drawn from these simu- 
lations is the order in magnitude improvement 
in spatial resolution for microanalysis in 
field-emission electron microscopes even at 
100 keV. 


Comparison of Monte Carlo Stimulation with Ex- 
perimental Results 


In order to verify the accuracy of the Monte 
Carlo electron trajectory simulation running on 
the parallel processor, the calculated results 
were compared with experimental measurements. 
Previously reported experimental data’*>1+* are 
ideal for this comparison since the specimen 
thicknesses were known, the probe size had been 
accurately measured?” and the specimen was well 
characterized. A specimen of 40 wt% Ni-30 wt% 
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FIG, 2.--Calculation of spatial districution 
of x rays from Al specimen 25 nm thick. 
Specimen contains one-monolayer (0.3mm-thick) 
Cu film oriented parallel to incident pri- 
mary electron beam. Each point represents 
10° electron trajectories. For 1nm probe at 
100 keV, "measured" boundary composition is 
approximately 62 wt% Cu; for 20nm beam at 
200 keV, approximately 4.9 wt% Cu. Dis- 
tance at which boundary film can no longer 
be detected is 3 nm for lnm probe, 30 nm for 
20nm probe. 


Cr-Fe, which had been heat treated to produce 

a precipitates (80-90wt% Cr) in a y matrix 
(25-29 wt% Cr) was used to generate the exper- 
imental data.'? The a/y interface was ideal 

for measuring concentration profiles, since 
these interfaces are very straight and atomical- 
ly discrete. 

The 1.0nm (full-width at half-maximum) elec- 
tron probe was stepped across an a/y interface 
while the x-ray spectrum obtained at each point 
was recorded. The specimen thicknesses were 
also measured for each profile. Four different 
specimen thicknesses were analyzed. As has 
been previously shown, the width of the concen- 
tration profiles is a measure of the amount of 
beam broadening that occurs as the electron 
probe traverses the speicmen.*° If the composi- 
tion change across the interface is normalized 
to 100%, the distance between the 12% and the 
88% points on the profile represents the diame- 
ter that contains 50% of the incident electrons. 
The diameter that contains 90% of the incident 
electrons may be obtained by multiplication of 
the 50% diameter by 1.82. The 90% diameter is 
the most commonly used definition of x-ray spa- 
tial resolution. 

Figure 3 shows an example of the actual ex- 
perimental data.** In this case the specimen 
was 112 nm thick. The analytical electron mi- 
croscope was operated at 100 kV and the probe 
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FIG. 3.--Experimental data for thin film in which 
precipitate phase containing 89.1 wt% Cr is in con- 
tact with matrix containing 26.2 wt% Cr.?% 
112 nm thick; 100keV electron probe size was 1] nm. 
A profile was measured across the phase interface. 
Experimental data are compared with Monte Carlo 
simulation. 


Film is 


size was 1 nm. The calculated curve was gen- 
erated by Monte Carlo calculation. The excel- 
lent fit between the experimental data and Mon- 
te Carlo simulation is apparent. 

The Monte Carlo simulation was used to model 
the same specimen thicknesses (55, 95, 112, and 
150 nm) as in the experimental results with a 
1.0 nm FWHM electron probe diameter. The 90% 
spatial resolutions were calculated in the same 
manner as those for the experimental profiles. 
The Monte Carlo simulations for the four speci- 
men thicknesses are shown in Fig. 4. Table 1 
compares the spatial resolutions determined by 
experimental measurements’? and the Monte Carlo 
simulation for the same four specimen thick- 
nesses. All four curves calculated by the Mon- 
te Carlo simulation agree well with the mea- 
sured data. A comparison of the measured pro- 
file width relative to the width determined 
from the Monte Carlo simulations is good. 
90% widths as determined by the Monte Carlo 
simulations are 2.7, 2.9, 6.7, and 10.3 nm for 
the four thicknesses. The measured values are 
5.2, 6.6, 9.0, and 12.0 nm. 

In all cases the Monte Carlo results under- 
estimated the experimental measurements. This 
result is expected since the Monte Carlo calcu- 
lations are not affected by experimental diffi- 
culties, which include the exact orientation of 
the interface parallel to the electron bean, 
specimen drift, and errors in probe placement. 
These results show that the Monte Carlo elec- 
tron trajectory simulation can accurately model 
the electron trajectories in speciments of me- 
dium atomic number. 


The 
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FIG. 4.--Comparison of composition profiles as 
a function of thickness in specimens as de- 
scribed in Fig. 3; 100keV electron probe size 
was 1 nm. Four specimen thickness (55, 95, 112, 
and 150 nm) are shown. 1.8 column shows mea- 
sured spread of profile (for 90% of the elec- 
trons) as determined by the Monte Carlo simula- 
tion. Exp column are results of the experimen- 
tal measurement.?? Monte Carlo simulations 
consistently underestimate experimental data. 
All units in data table insert are in nm. 

FIG. 5.--Repeat of the numerical Monte Carlo 
simulations described in Fig. 4. In this case, 
10nm electron probe is used. Comparison of re- 
sults shown in Figs. 4 and 5 illustrate para- 
mount importance of probe size in high-spatial- 
resolution x-ray microanalysis. All units in 
data table insert are in nm. 


TABLE 1.--Comparison of x-ray spatial resolu- 
tion at oa/y interface in an Fe-Ni-Cr alloy. 
The 90% x-ray spatial resolutions determined 
experimentally and by Monte Carlo calculation 
are compared for thin films of four different 
thicknesses. 


Specimen 
Thickness (nm) MC(nm) Experimental (nm)?° 
55. 3.6 aoe 
95. Ons 6.6 
120. 7.2 9.0 
150. 10.8 12.0 


As a further numerical experiment, the same 
simulations were repeated with a 10nm probe, as 
shown in Fig. 5. In this case the effect of 
thickness on resolution is less dramatic. It 
clearly illustrates that probe size is the most 
important parameter for high resolution x-ray 
microanalysis in the analytical electron micro- 
scope. 


Conelustons 


The simulation of electron scattering in 
solids by Monte Carlo techniques is well suited 
to parallel computation. Significant gains in 
computation time are realized and make explicit 
calculation of convoluted composition profiles 
possible. Computation time is sufficiently 
shortened to enable such simulations to be used 
in a real-time experimental environment. Be- 
cause such simulations break naturally into in- 
dependent computational pieces that require 
little intercommunication, they are ideal can- 
didates for fast parallel implementation on a 
MIMD machine such as the NCUBE 2. Similar per- 
formance gains should be possible for other 
kinds of Monte Carlo transport simulations (ion 
or photon), as well as codes modeling other 
electron-solid interactions, such as Auger 
electron production. Even on smaller and 
cheaper parallel machines, run times for such 
codes can be competitive with traditional su- 
percomputers like the CRAY. 
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COMPARISON OF EXPERIMENTAL AND THEORETICAL XEDS CROSS SECTIONS AND 
k-FACTORS AS A FUNCTION OF ACCELERATING VOLTAGE 


N. J. Zal 


For nearly fifteen years k-factor measurements 
have been made by varying the composition of 
the standards at fixed accelerating voltage and 
reporting the change in the experimental k-fac- 
tor with atomic number. An example is shown in 
Fig. l(a), which compares recent data of Sheri- 
dan* with various k-factor calculations using 
cross section parameterizations by Mott and 
Massey (MM),?* Green and Cosslett (GC),? Brown 
(B),* Powell (P),° Schreiber and Wims (sw) ,° 

and Zaluzec (Z). From these data a "best mod- 
el" of the ionization cross section is frequent- 
ly proposed for use in quantitative x-ray anal- 
ysis in the AEM; however, it is valid only at 
that fixed voltage. It is usually difficult to 
judge the validity of the selection of cross 
section using this type of plot; difference 
plots (i.e., [Theory - Expt]/Expt) as shown in 
Fig. 1(b) are more useful for this purpose. 
These difference plots illustrate that the k- 
factor at a fixed voltage is not particularly 
sensitive for determination of the correct ioni- 
zation cross-section parameterization owing to 
normalization effects inherent in its defini- 
tion. In fact, calculations show that the rel- 
ative errors between cross-section models as 
shown in the difference plot are of the same 
order of magnitude as those one would calculate 
because of inaccuracy in the thickness of the 
various Si(Li} detector parameters {(i.e., Be, 
Au, Si dead, Si active windows). For example, 
a variation in the Au thickness from 100 to 300 
R can shift the calculated k-factor difference 
curves by nearly 5%, which is in some cases the 
difference between models at a fixed accelerat- 
ing voltage (Fig. 1b). On the other hand few 
if any studies to date have sought to determine 
the systematic variation in the k-factor with 
accelerating voltage. In this paper experimen- 
tal measurements of the absolute intensity var- 
iation of elemental standards are used to illus- 
trate the differences cross-section models, 
which are subsequently compared with experimen- 
tal variations in the k-factor with accelerat- 
ing voltage. With the advent of medium-voltage 
analytical microscopes routinely available to 
the microscopy community, it becomes essential 
to understand how the k-factor varies with ac- 
celerating voltage in order that errors in 
quantitative analysis can be avoided, shouid 
experimental or theoretical k-factors from low- 
er voltage instruments be applied to the medium- 


3 


Factor Error 


k 


N. J. Zaluzec is at the Electron Microscopy 
Center for Materials Research, Materials Science 
Division, Argonne National Laboratory, Argonne, 
IL 60439. This research was supported by DOE 
under contract BES MS W-31-109-Eng-38 at Ar- 
gonne National Laboratory. 


281 


Factor 


xSi 


UZEC 


Comparison of Calculated and Experimental 
K si Factors at 200 kV 


€@® Experimental (Sheridan) 
Mott & Massey’ | 
Green & Cosslett' 
Brown’ : 
Powell’ 


Schreiber & Wims’ , 
Zaluzec i 


30 40 


Atomic Number 


50 60 


Variation in k Factor Error 
with Cross-Section Parameterization 


0.40 : H A 
O Mot & Masey i & Powell } 
0 30 & Green & Cossleu ° Schreiber & Wims 
6 20 A Brown @ Zaluzec 
s 0.10 
ie 
= 0 00 
a 
za 
S .0.10 
ra 
S -0.20 
as 
& 
-0.30 
-0.40 
10 20 30 40 5 6 60 
Atomic Number 
FIG. 1.--(a) Experimentally determined k-fac- 
tors calculated from various cross-section mod- 
els. (b) Difference plot [(Theory - Expt)/ 


Expt] of k-factor showing relative errors. 


voltage regime. 

X-ray intensity measurements for five thick- 
nesses of evaporated polycrystalline aluminum 
films (227, 415, 656, 1136, and 2083 + 30 &) 
were made from 50 to 300 kV in a Philips CM30T 
electron microscope equipped with a Be-Window 
Si(Li) detector interfaced to an EDAX 9900 
energy~dispersive analysis system. Multiple 
measurements were taken of each of the speci- 
mens, which were mounted in a Gatan beryllium 
double-tilt liquid-nitrogen-cooled sample stage 
for the study. Hole count corrections were 
made to all spectra and were particularly im- 
portant above 100 kV. Shown in Fig. 2(a) is 
the experimental Al K shell x-ray emission/nA 
as a function of thickness and repiotted a: 
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FIG. 2.--(a) Al K intensity/nA as a function of 
thickness for various voltages. (b) Al K in- 
tensity/(nA/A&) as a function of accelerating 
voltage for various specimen thicknesses. 
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FIG. 4.--Experimental variation in Ni/Al and 
Ti/Al K shell x-ray intensity ratios as a func- 
tion of accelerating voitage. 


voltages, and in Fig. 2(b) the data are divided 
by the film thickness and replotted as a func- 
tion of voltage to demonstrate multiple scatter- 
ing effects on the x-ray intensity. Here we 
can see that as the thickness of the specimen 
increases above about 600 A, the effects of mul- 
tiple scattering give enhanced intensity over 
that of the thinner films, and hence cannot be 
directly used for cross-section comparison. In 
Fig. 3(a), the Al intensity/nA (which is now a 
direct measure of the ionization cross section) 
for the films 200 and 400 A thick is normalized 
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FIG. 3.--(a) Comparison of normalized Al inten- 
sity/nA with various cross-section parameteri- 
zations. (b) Comparison of normalized Ge in- 
tensity/nA with various cross-section paramet- 
erizations. 


at 50 kV and compared to various theoretical 
calculations of the ionization cross section. 
Generally, the nonrelativistic models (MM, GC, 
P} severely underestimate the variation in 
cross section with voltage; the relativistic 
parameterization (Z) seems to follow the exper- 
imental data most closely. Figure 3(b) shows 
similar data and results from a thick (6008) 
germanium evaporated film; again, as in the Al 
case, the nonrelativistic models underestimate 
the cross section. Here muitiple scattering 
will, as in the case of Al, depress the normal- 
ized data at the higher voltage and hence the 
relativistic parameterization still appears to 
predict the voltage variation more closely. 

In addition to the preceding evaporated ele- 
mental thin-film measurements, electropolished 
specimens of NiAl and TiAl were studied to de- 
termine the effect of accelerating voltage on 
the k-factor. Figure 4 shows the experimental 
variation of the Ni Ka/Al K and Ti Ka/Al K in- 
tensity ratios as a function of accelerating 
voltage from 100 to 300 kV. From Eq. (1), we 
can see that this ratio is a direct measure of 
the dependence of the k-factor and the ioniza- 
tion cross section o with voltage, as o is the 
only term that varies with electron energy: 


tens re 
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Variation of Intensity Ratio with Accelerating Voltage 
Normalized at 300 kV 
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FIG, 5.--Comparison of calculated and experimental Ni/Al and 


of accelerating voltage normalized at 300 kV. 


where Kya = (cqwala)/Wa and on, wa, Ta, Wa, EA, 
Ca, and IA are respectively the ionization cross 
section, fluorescence yield, radiative parti- 
tion function, atomic weight, detector effi- 
ciency, composition, and x-ray line intensity 
for the element A, and kap is the conventional 
k-factor. In Fig. 5, we compare these data 
with the theoretical variation in the ioniza- 
tion cross-section ratio for Ni K/Al K and 

Ti K/Al K shells, where all data are normalized 
at 300 kV. 

These experiments illustrate that the k-fac- 
tor can vary substantially with accelerating 
voltage and care must be taken when applying 
experimental and/or theoretical models deter- 
mined at lower accelerating voltages to the in- 
termediate voltage regime. Furthermore, rela- 
tivistically corrected models for the ioniza- 
tion cross section can successfully predict the 
voltage dependence of both the relative inten- 
sity and the k-factor, within the limits of the 
thin-film approximation (no energy loss, absorp- 
tion, and fluorescence). Further work is in 
progress to extend these measurements to higher 
atomic number materials to determine the appli- 
cability of the parameterizated relativistic 
model more precisely. 
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DETECTION AND QUANTIFICATION PROBLEMS IN THE ANALYSIS OF LIGHT ELEMENTS WITH UTW DETECTORS 


Gilles L'Espérance, Gianluigi Botton, and Mario Caron 


Recent developments in windowless (WL) or ul- 
trathin-window (UTW) detectors, improved energy 
resolution, larger angles of collection (0.15- 
0.2 sterad), and higher voltages (200-400 kV) 
make energy-dispersive spectrometry (EDS) more 
attractive for the analysis of low-Z elements 
both in SEM and TEM.* The spectrum in Fig. 1 
obtained in the SEM from pure Be has a FWHM of 
50 eV. Electron energy loss spectrometry (EELS) 
is the other technique that permits detection 
of light elements in TEM. Compared to EELS, 
EDS lends itself to faster, more routine analy- 
sis and offers in many cases the possibility of 
carrying out qualitative analysis for a wider 
range of materials thickness.? However, EELS 
has generally been recognized as having better 
sensitivities than EDS,°~° except for some ele- 
ments in biological materials as reported very 
recently by Leapman.° 

This paper presents results and the perfor- 
mance of UTW detectors that can be achieved in 
materials microanalysis with both SEMs and 
TEMs, and difficulties in interpreting and 
quantifying the data. A comparison of sensitiv- 
ity measurements made in EELS and EDS is also 
presented. All samples used are relevant to 
materials engineering. 


Expertmental 


The EDS data in SEM were obtained with a 
JEOL 840 equipped with a Link LZ-4 detector. 
In TEM, the EDS analyses were done with a JEOL 
2000FX equipped with a Link LZ-5 detector (sol- 
id angle .0.16 sterad), and the EELS analyses 
were done on a Philips CM30 coupled to a Gatan 
(Model 666) parallel EELS. 


Results 


Both EDS detectors have a resolution of 134 
eV at 5.9 keV and allow the routine detection 
of boron x rays (0.185 keV) from pure B with 
the peak well resolved from the background and 
a peak/valley ratio of 8.2 in SEM and 12 in 
TEM (Fig. 2a-b). 

The analysis of Mn, Fe, Co, and Ni transi- 
tion metals showed the LI lines to be well re- 
solved from the La lines and the measured I L1/ 
I La ratio to be larger than that tabulated, 
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FIG. 1.--EDS spectrum of pure Be sample at 15 
kV obtained in SEM. FWHM of peak is 50 eV. 


e.g., 0.25 for Ni compared with a tabulated 
value of 0.09 (Fig. 3).° The case of Cr ana- 
lyzed in the SEM is particularly interesting. 
The I L1/I La) ratio observed appears to be 
close to 1.0 (Fig. 4a). However, a careful 
identification of the lines accounting for the 
slight shift (.2 channels) toward lower ener- 
gies that we observe for the low-energy x rays, 
indicates that the peak to the left of the Cr 
La line is not Cr Ll only, but is constituted 
of a large contribution from 0 K. That oxygen 
was present was demonstrated by use of Auger 
electron spectroscopy (AES). Thus, Fig. 4(b) 
shows an AES spectrum obtained after ion-beam 
cleaning of the Cr sample in the Auger micro- 
scope prior to EDS analysis, and Fig. 4(c) 
shows an AES spectrum obtained from the same 
areas after EDS analysis. Clearly, oxygen was 
present on the surface of the nominally clean 
Cr sample after EDS. The oxygen may have come 
from the air during transfer of the sample 
from the Auger microscope to the SEM and back 
to the Auger microscope, and/or the formation 
in situ of a Cr oxide during the EDS analysis. 
In the case of this oxide layer, the intensity 
of the O K line might originate from primary 
ionization and from the fluorescence of the 
CrL line through the oxidized layer. In SEM, 
however, for which the vacuum is not very good 
(7 x 10°’ Torr), the initial increase of the 

O K peak relative to that of the Cr La has 
been observed to be very rapid (within a few 
seconds) after conditioning (see below) and ex- 
posure to the SEM chamber and the start of the 
analysis. This observation indicates that some 
OQ x rays have also come from the ice formed on 
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FIG. 2.--EDS spectra of pure boron obtained in 
SEM and TEM. (a) SEM, 15 kV, (b) TEM, 200 kV. 


the surface of the Si detector and fluoresced 
by the Cr La line and the sample bremsstrah- 
lung. Thus, Fig. 5 shows spectra obtained from 
Cr before and after conditioning and normalized 
to the Cr Ka lines. Clearly, the intensity of 
the © Ka + Cr Lo) peak is reduced by its ab- 
sorption in the ice. In addition, the intensi- 
ty of O K is reduced relative to that of Cr La 
after conditioning, probably as a result of re- 
duced fluorescence of oxygen from the ice. 
Whatever the origin of the O K x rays, it is 
clear that great care would have to be exer- 
cised to quantify the amount of Cr by use of 
cr La lines. 

In TEM, the Ni La/Ni Ka ratio is often used 
to follow the deposition of contaminants (ice 


: 50s Remaining: Hs 
Ss Dead 


Bs freseti thos Remaining: 
= ais Deed 


7. : 
Us 


FSS 1k et 
MEMLEHI STOs WLESS. 15k, PT 5 


et et ES te Be 


| 
i 


FIG. 3.--EDS spectrum of pure Ni obtained at 
15 kV showing LI and La lines. Measured 
Li/La ratio is 0.25. 


and/or possibly oil) on the surface of the de- 
tector as a function of time. With the Link 
system, it is possible to "condition" the de- 
tector to remove contaminants from the surface 
of the detector at regular intervals of time. 
Thus, Fig. 6 shows the Ni La/Ni Ka ratio plot- 
ted as a function of time after conditioning 
for successive "conditioning-operating" cycles 
of the detector during which the vacuum of the 
TEM column was never broken. As expected, the 
detector efficiency for relatively low-energy 
xX rays steadily decreased with increasing time 
after each conditioning of the detector. Some- 
what surprising, however, is the overali in- 
crease of the detector efficiency observed for 
an increasing number of successive conditioning 
treatments. Since the vacuum of the microscope 
column was not broken during the entire period 
of time taken by these successive “condition- 
ing-operating" cycles, this increase may be ex- 
plained by the fact that the more tenacious 
contaminants can be removed from the surface 

of the detector by conditioning only after that 
the detector has been exposed for a long time 
to the relatively good vacuum of the TEM col- 
umn. Clearly, one must account for the varia- 
tion in detector efficiency before attempting 
to quantify data involving light elements. In 
particular, it limits the usefulness of exper- 
imental kap factors used to quantify micro- 
analyses in TEM if these factors are not ob- 
tained at approximately the same time as the 
analysis of the sample of unknown composition 
or with the detector in the same conditions 
{same efficiency). 

Table 1 shows the minimum mass fractions 
(MMF) of various elements in various samples 
measured in EDS and EELS. Several interesting 
points are worth noting. 


1. For light elements (B and N), PEELS 


285 


G@ - 10 keV rae ; 
10s Sresats 105 Remaining! TABLE 1.--Minimum mass fractions (MMF) mea- 


13s 23% Dead sured in EDS and EELS. In EELS, the condi- 
tions were 8 = 10 mrad and the spectra were 
acquired in the image coupling mode (diffrac- 
tion pattern on the screen). 


Element System EELS 
(wt%) 
B Pure boron too thick 
powder 
B BN flakes 0094 
B Amorphous (RS) B not detected 0 44 
Fe;B (thin foil) 
N BN flakes 031 
N TIN particles not measured 078 
on carbon film 
N Nb C; N; particles 
4B on carbon replica 
CLEANED BY ION ETCHING 
- 50 nm particle 
- 60 nm particle 050 
e606 Ti TiN particles on 
carbon film 
25 nm particle 12 
125 nm particle 0.15 0072 


INTENSITY 
° 


Fe Amorphous (RS) Fe;B 04 0.2 69 
(thin film) 


Nb Nb C; N; particles 
on carbon film 
~5000 10 nm particle 618 291 
1 i! | i=0.004nA, J=22 A/cm? 
| | | | 50 nm particle 164 08 
Tao 130 nm particle 027 013 
ft) 200 400 600 


i=0 250 J=155 2 
KINETIC ENEAGY (eY) nA, Alem 


60 nm particle 16 


10000 = 
4c | 
always gave better sensitivities than EDS, al- 
2 Bees though sensitivites as low as 0.5% were achieved 
A (by use of Isaacson and Johnson's criterion3) 
d in EDS for both B and N combined with a light 
: element. This was the case even for areas too 
: 0 - thick to be analyzed by EELS. However, in the 
g case of a relatively heavy matrix, such as B 
c Es in FesB, boron was not detected although the 
3 concentration (6.06 wt%) exceeds the MMF for B 
ague ee cr determined from pure B and BN spectra. This is 
s Ps probably the result of the large absorption of 
( 00 600 


INTENSITY 


BK in Fe3B; 9 nm is sufficient to absorb 10% of 
the BK x rays calculated using Henke and Ebisu's 
mass absorption coefficients. The large ab- 
sorption of low energy x rays even for rela- 
tively thin samples (50 nm) is one of the major 
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FIG. 4.--(a) EDS spectrum of pure Cr obtained problems of EDS of light elements so that very 
at 15 kV; (b) AES spectrum of pure Cr after thin samples are required, as is generally the 
ion-beam cleaning in Auger microscope; (c) AES case for EELS. As a matter of comparison, the 
spectrum of nominally pure Cr after EDS in the value of 9 nm for 10% absorption of B in Fe,B 

SEM. Compared with 4(b), additional peaks of is smaller than that for which plural scatter- 
QO and C are clearly visible. ing begins to occur in EELS(.40 nm at 300 kV). 


2. We did not attempt to measure a MMF of N 
(0.452 keV) in TiN due to the severe overlap 
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FIG. 5.--EDS spectrum from pure Cr sample 
showing O K and Cr La line before (full spec- 
trum) and after (dot spectrum) conditioning of 
the detector. SEM, 15 kV. 

FIG. 6.--Ni Lo/Ni Ka ratio as a function of 
time after conditioning measured for successive 
"conditioning-operating" cycles of the detec- 
tor. TEM, 200 kV. 
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LZ5 2000FX 


100 


10 


20 


between N Ka (0.342 keV) and Ti La (0.452 keV) 
lines and the possibility of fluorescence of 
the N Ka line by the Ti La line. 

3. For relatively heavy elements (Ti in TiN, 
Fe in Fe,B, and Nb in NbCo.5No.5) lower sensi- 
tivities were achieved with EDS. Thus, for the 
systems studied here, EELS and EDS were comple- 
mentary for the detection of small amounts of 
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elements in systems containing both light and 
relatively heavy elements. 

4, The MMF in EDS of Nb in NbCo.5No.5 par- 
ticles improved with increasing size of the 
particles analyzed. Since the probe size was 
increased to match the particle size, this im- 
provement in MMF reflects the increase in probe 
current and of the interaction volume with in- 
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creasing particle size. In the context of 
characterizing particles as small as possible, 
on replicas, it is interesting to relate the 
lowest MMF (0.25 wt%) obtained with large par- 
ticles to the smallest particles for which a 
Signal was detected. For NbCo.s5No.5, Nb could 
be detected in particles 2 5 nm yielding a de- 
tected number of 15000 atoms (.10~7° g); @ssum- 
ing a FCC structure with a = 0.45 nm). If we 
assume that the crystal structure does not 
change in chemistry [Nb/(C + N) ratio} and con- 
vert the MMF of 0.27 wt% into a number of de- 
tectable atoms for a 5nm particle, we obtain 
500 atoms of Nb, reflecting the influence of 
poor counting statistics for small particles. 
In comparison, N was detected for particles 
bigger than 50 nm corresponding to 2.4 x 10° 
atoms (1S.6 x 107?” g). 


Finally, we could not, using serial EELS, 
detect Nb or N in such small particles (<50 
nm). PEELS allowed the analysis of smaller 
particles (20 nm for Nb). However, first-dif- 
ference methods of signal detection® may im- 
prove this result. In this investigation, EDS 
allowed the analysis of the smallest particles 
(S nm for Nb). 
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EFFECT OF TILT ANGLE ON HOLE COUNT AND SECONDARY FLUORESCENCE IN X-RAY MICROANALYSIS 


E. A. Kenik and J. Bentley 


The spatial resolution and accuracy of x-ray 
microanalysis in an analytical electron micro- 
scope (AEM) are limited by a variety of factors, 
two of which are the hole count?** and second- 
ary fluorescence.°’* The hole count arises 
from uncollimated radiation, either electrons 
or x rays, which excite areas of the specimen 
other than that excited by the primary electron 
beam. This process can result in x-ray genera- 
tion even when the probe does not hit the spec- 
imen; hence the name "hole count."' Secondary 
fluorescence deals with x-ray generation re~ 
sulting from radiation produced by the interac- 
tion of the incident probe with the specimen, 
This radiation may be either backscattered 
electrons spiraling in the magnetic field of 
the objective lens, diffracted electrons, or 
high-energy x rays, particularly forward-peaked 
bremsstrahlung. As the interaction of both the 
uncollimated radiation and the secondary radia- 
tion with the specimen can be influenced by the 
tilt angle of the specimen, the variation of 
the hole count and secondary fluorescence with 
specimen tilt was investigated. 

Though methods for identifying the origins 
of both the hole count and secondary fluores- 
cence and for reducing their magnitude have 
been available for a reasonable time,?~* there 
is still some confusion in the literature. 
Whereas several test specimens have been sug- 
gested,?°°7’ there is not a generally accepted 
test for comparing the performance of AEMs in 
x-ray microanalysis. The test specimen used in 
this study was a preliminary version of the 
standard proposed at the Giens workshop;” a 
thin, holey chromium film supported on a molyb- 
denum washer. 


Experimental Procedures 


The v35nm-thick holey chromium film was pre- 
pared by evaporation of chromium on a holey 
Formvar film previously prepared on a glass 
slide. The chromium film was released from the 
slide by dissolution of the Formvar film in 
ethylene dichloride. Initially, the holey 
chromium films were supported directly across a 
small hole in a 0.3mm-thick, 3mm-diam molybden- 
um washer. As the films tended to crack when 
spanning the 1.0mm-diam holes in the washers, 
the films were supported by 75-mesh 3mm molyb- 
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289 


denum grids, which were then spot-welded to 
the washers. The specimen was oriented in the 
AEM with the chromium film on the electron en- 
trance side, supported by the grid, and then 
the washer. This arrangement prevents shadow- 
ing of the x-ray detector by the grid or the 
washer. Measurements were performed near the 
center of a grid square centered over the hole 
in the washer. A modified test specimen was 
made by placing a 40um-thick copper sheet over 
one-half of the electron incidence side of the 
previous test specimen. The specimen was or- 
iented so that when the specimen was tilted, 
the copper was either entirely upstream (near- 
er the electron gun) or downstream from the 
intersection of the electron probe with the 
chromium film. 

Measurements of hole count and secondary 
fluorescence as a function of specimen tilt 
were performed in Philips EM400T/FEG, 
CM12/STEM, and CM30/STEM AEMs operating at 100, 
120, and 300 kV, respectively, and each 
equipped with EDAX x-ray detectors (20° take- 
off angle) and 9100 or 9900 analyzers. The 
magnitudes of the hole count (HC) and second- 
ary fluorescence (SF) were estimated as: 


HC 1, (Mo) /T 1, (Cr}-1, (Cr)] 


[1,(Mo)-I, (Mo) ]/[1,(cr)-1, (Cr) ] 


and 


fl 


SF 


where I(A) is the integrated Ka peak intensity 
for element A and the subscripts refer to the 
positioning of the probe on the film (f) or in 
a hole (h). Similar equations can be used for 
the La line of molybdenum. Though these equa- 
tions are not the usual definitions for hole 
count and secondary fluorescence, the normali- 
zation to the chromium signal is dictated by 
the nature of the test specimen. 


Results 


Figure 1 shows a typical area of the holey 
chromium film. The evaporated chromium was 
very fine-grained (<2nm in diam.) and randomly 
oriented. Therefore, x-ray generation was av- 
eraged over numerous grains and orientation ef- 
fects such as channeling could be ignored. 
Holes sizes ranging from 0.1 to 10 um were ob- 
served. When regions of similar mass thick- 
ness were selected, 2% variations in x-ray 
yield were observed in spot analyses indicat- 
ing similar variations in film thickness. 

Figures 2(a) and (b) show the dependence of 
HC and SF on specimen tilt measured for the 
Philips CM12 in the microprobe and nanoprobe 
modes, respectively. No attempt was made to 
optimize the hole count via choice of Cz aper- 
ture, spot size, filament emission, etc., 
since the intent was to show the variation with 


tilt angle. The probe current is 25% higher 
in the nanoprobe mode than in the microprobe 
mode with the same C, excitation and condenser 
aperture. For Fig. 2, no corrections were made 
for the increase in I¢(Cr) with increasing tilt 
angle due to the increased projected film thick- 
ness. The hole count is lower in the nanoprobe 
mode than in the microprobe mode; it is inter- 
esting that the weak dependence of HC on tilt 
angle is in the opposite sense for the two 
modes. In contrast, the secondary fluorescence 
curves for the two operating modes superimpose 
exactly, which indicates that the process re- 
sponsible for the effect is the same without 
regard to the operating mode, as expected. 
increased secondary fluorescence at higher 
specimen tilt reflects the increased cross sec- 
tion presented by the specimen to the fluores- 
cing radiation (x rays or electrons). A second 
effect may also contribute: more x rays may es- 
cape the thick washer as the specimen is tilted. 

Measured Cr Ka P/B ratios at 20° tilt were 
greater than 3000 under the Fiori definition of 
peak/background ratio (i.e., total integrated 
peak intensity divided by the average back- 
ground intensity of a 10eV window). These re- 
sults indicate that the x-ray microanalytical 
performance of the AEM is not seriously compro- 
mised by instrumental artifacts. P/B ratios at 
higher tilt angles were lower as SF of the grid 
bar and washer increased with an attendant in- 
crease in background from these components. 
Measurements below 10° tilt are not indicated 
in Fig. 2, as the beryllium specimen holder was 
cutting off a portion of the x rays («12% of 
the Cr Ka x rays at 0°). Such cutoff of x rays 
could be detected by a comparison of the cor- 
rected chromium intensity [I¢(Cr)-I,(Cr)] as a 
function of tilt angle with the expected 
1/cos 8 dependence. X-ray cutoff was not al- 
ways observed at 0° tilt but appeared to depend 
on the location of the analyzed area in the 
specimen holder. 

Figure 3 illustrates the dependence of HC 
and SF on the distance from the nearest grid 
bar. These measurements were performed in the 
Philips EM400T/FEG in the nanoprobe mode. Both 
HC and SF decrease as the distance increases. 
The HC measurements indicate that there is high- 
ly localized uncollimated radiation near the 
electron probe (<15 um), presumably electron 
tails. The increased SF at small distances re- 
sults from increased interaction of the second- 
ary radiation (i.e., backscattered or diffract- 
ed electrons or forward-peaked bremsstrahlung) 
with the grid bar because of the close proximi- 
ty. At the center of the 75-mesh support grid, 
the distance from all grid bars is >120 um at 
O°. On the basis of this result, it seems pos- 
sible that a molybdenum washer with a smaller 
hole could be used as a support and the grid 
could be eliminated. This simpler geometry 
could aid in better understanding of the inter- 
action of uncollimated and secondary radiation. 

In an attempt to understand which radiation 
is responsible for secondary fluorescence, a 
modified test specimen (described above) was 
used with the copper either entirely upstream 


The 


(nearer the electron gun) or downstream from 
the intersection of the primary electron probe 
with the chromium film. Figure 4 shows the 
secondary fluorescence of copper and molybden- 
um from this composite specimen for the two 
orientations. Initially it was thought that 
if backscattered electrons were mainly respon- 
sible for secondary fluorescence, the copper 
signal would increase with increasing tilt and 
would be larger in Fig. 4(a) than in (b). 
Though molybdenum SF behavior is similar to 
that in Fig. 2, copper SF initially decreases 
and then rises slightly. When the copper is 
downstream (Fig. 4b), the molybdenum SF is de- 
creased, but the copper SF is much larger than 
in Fig. 4(a) and increases with tilt angle. 
The low copper SF in Fig. 4(a) and the results 
in Fig. 4(b) indicate that forward-peaked sec- 
ondary radiation is the primary source of sec- 
ondary fluorescence for this microscope and 
specimen. Obviously, both high-energy brems- 
strahlung and diffracted electrons are forward- 
peaked and are therefore possible secondary 
fluorescing radiation responsible for the re- 
sults in Fig. 4. However, backscattered elec- 
trons (meaning high-energy electrons emerging 
from the electron incidence surface) can also 
explain these results. At zero tilt all back- 
scattered electrons have a velocity component 
antiparallel to the incident beam, but as the 
specimen is tilted backscattered electrons 
with a forward velocity component (i.e., paral- 
lel to the incident beam) are produced in in- 
creasing numbers. Backscattered electrons 
with a forward velocity component spiraling in 
the magretic field of the objective lens that 
collide with the specimen doso downstream from 
the point of emergence. Therefore, based on 
the qualitative behavior of the results from 
the copper-modified test specimen, all three 
types of secondary radiation (''backscattered" 
electrons, diffracted electrons, or bremsstrah- 
lung) are possible causes of the observed sec- 
ondary fluorescence. 

In comparing the SF results for the three 
electron microscopes, it became apparent that 
the magnitude of the SF effect decreased with 
increasing accelerating voltage. At a fixed 
specimen tilt of 20°, the relative magnitudes 
were 1.00, 0.78, and 0.11 at 100, 120, and 300 
kV, respectively. This decrease indicates that 
the secondary radiation becomes more forward- 
peaked as the incident electrons increase in 
energy and as such interacts less with the 
specimen. Unfortunately, all three possible 
secondary radiations would be expected to ex- 
hibit such behavior. This decreased influence 
of SF is an additional advantage of intermedi- 
ate voltage AEMs for x-ray microanalysis over 
lower voltage instruments, other potenttal ad- 
vantages being decreased beam spreading, in- 
creased x-ray yields, and higher P/B ratios. 
SF was normalized by the Cr x-ray yield from 
the film, which at constant probe current 
should decrease with increasing accelerating 
voltage. This decrease would be somewhat off- 
set by the decreased interaction of higher-en- 
ergy secondary radiation with the specimen. 
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Further studies aimed at identifying the ra- 
diations responsible for the hole count and 
secondary fluorescence based on the observed Mo 
L/K ratio and the Mo K P/B ratio are currently 
under way. Preliminary results indicate that 
electron excitation is chiefly responsible for 
both effects in the AEMs of the present inves- 
tigation. More complete results and compari- 
sons of HC and SF in several AEMs will be re- 
ported elsewhere.” 


Conelustons 


The utility of the holey chromium/molybdenum 
support test specimen has been demonstrated in 
the study of hole count, secondary fluorescence, 
and x-ray cutoff by the specimen holder. The 
hole count in the AEMs investigated shows a 
weak dependence on specimen tilt (if correc- 
tions for increased projected specimen thick- 
ness are not made), but also depends on operat- 
ing mode. Conversely, secondary fluorescence 
is a strong function of specimen tilt, but is 
independent of operating mode. Both the hole 
count and secondary fluorescence depend on dis- 
tance from the nearest thick material (grid 
bar). For the hole count, this result indi- 
cates that the uncollimated radiation flux is 
higher near the primary probe (e.g., electron 
tails). Secondary fluorescence increases with 
decreasing distance to the grid bar as a result 
of the increased ''target" presented to the sec- 
ondary radiation, Results of tests with the 
copper-modified test specimen indicate that 
secondary fluorescence in the AEMs studied oc- 
curs primarily downstream from the primary ex- 
cited volume. The magnitude of secondary flu- 
orescence decreases with increasing accelerat- 
ing voltage. These last two results are consis- 
tent with forward-peaked radiation (backscat- 
tered electrons, diffracted electrons, or high- 
energy bremsstrahlung), which becomes more for- 
ward-peaked with higher accelerating voltage. 
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FIG, 1.--TEM image of holey chromium film used 
in this study. 
f 0.20 FIG. 2.--Hole count (HC) and secondary fluores- 
cence (SF) as function of specimen tilt mea- 
0.15 sured in (a) microprobe and (b) nanoprobe 


i, modes on Philips CM12/STEM AEM. 
v4 FIG. 3.--Hole count (HC) and secondary filuo- 


F 0.10 rescence (SF) as function of distance to near- 


est grid bar measured in nanoprobe mode on 
Philips EM400T/FEG AEM at 10° tilt. 
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FIG. 4.--Secondary fluorescence of copper (SF- 
Cu) and molybdenum (SF-Mo) for modified test 
eee specimen as function of specimen tilt in mi- 


croprobe mode (Philips CM12/STEM AEM) with 
copper sheet (a) upstream and (b) downstream 
from region excited by primary electron beam. 
Note in (b) copper sheet partially shadowed 
x-ray detector for tilts <30°. 
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ATOMIC SITE DETERMINATION OF Ti, Cr AND Co, IN SENDUST (Fe-9.6Wt%Si-5.5Wt%Al ) 
BY CHANNELING ENHANCED MICROANALYSIS 


Kaoru Sato and Hirofumi Matsuhata 


Sendust! (Fe-9.6wt%Si-5.5wt%Al) is a well-known 
soft magnetic material. Attempts have been 
made recently to improve the corrosion resis- 
tance of this alloy by adding a fourth and/or a 
fifth element. Since the excellent magnetic 
properties of Sendust have been reported to be 
strongly related to its crystal structure, ° the 
DO, ordered structure, it is of vital impor- 
tance to determine the crystallographic sites 
those additional elements occupy. In the pres- 
ent work we report the results obtained for the 
site occupation of Ti, Cr, and Co in Sendust al- 
loys by the ALCHEMI (Atom Location by Channel- 
ing Enhanced Microanalysis) method.? 


Rupertmentatl 


Sendust alloys containing 4.0%Cr,3,0%Co+0.5%Nb, 
and 2.0%Ti alloys were arc melted, then furnace- 
cooled from 1473 K with the cooling rate of 
80°/h. TEM specimens were prepared in a twin 
jet electropolisher with 5% perchrolic-acetic 
acid and the final thinning was done by an ion 
milling machine. The ALCHEMI experiment was 
performed in a Philips EM420T TEM equipped with 
an EDAX PV9900 energy-dispersive x-ray analyti- 
cal system. The specimens were tilted about 
20° toward the x-ray detector. The acquisition 
time was typically 200 s, so that the integrat- 
ed x-ray intensity of Fe-Ka (1.2 times that of 
the FWHM) was more than 100 000 counts. Back- 
ground subtraction of x-ray spectra and the de- 
termination of the x-ray intensities were per- 
formed by an EDAX "thin" program, Planar 
ALCHEMI experiments were simulated with a Bloch- 
wave computer program. 


Results 


All specimens observed exhibited the diffrac- 
tion spots associated with the DO,-ordered 
structure. Dark-field micrographs obtained 
from these ordered reflections did not show 
antiphase domain boundaries, only uniform con- 
trast, and thus the alloys appear to be ina 
highly ordered state. The DO; structure has 
three sublattices, Ai, Az, and B (Fig. 1). 

Both the A; and A, sites are occupied by Fe; 
the B site is occupied by Al and Si. With Fe, 
Al, and Si as internal standards, the site lo- 
cation of Ti, Cr, and Co was determined. The 
site of Nb was not investigated because Nb-rich 
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precipitates were observed at the grain boun- 
daries and thus the solubility of Nb in Sen- 
dust was found to be very low (<0.2%). 

Typical x-ray spectra obtained by use of 
the 002 systematic excitation for each speci- 
men are shown in Fig. 2. These spectra are 
normalized by the Fe-Ka x-ray intensity. Rel- 
ative x-ray intensities of Al and Si to that 
of Fe, Inji/Ife, and Isi/fe, obtained at a de- 
viation parameter s < 0 of the 002 reflection, 
are smaller than those obtained at s > 0, as 
expected from the DO; structure. This differ- 
ence is not due to the variation of x-ray de- 
tection with specimen/detector geometry but to 
the channeling effect, because the spectra ob- 
tained from the same area with 002 and 002 
ALCHEMI showed the same tendency. The channel- 
ing effect was observed for the divergence 
semi-angles of both 1.6 mrad and 4.6 mrad. 
Therefore, the beam with a larger divergence 
was used for analysis to obtain higher x-ray 
counts. The ratio of the relative x-ray in- 
tensities, Ry = (Ix/TRe)s<o/(ly/IFele>o (X =Al, 
Si, Co, Cr, and Ti}, are plotted in Fig. 3 for 
several areas of each specimen. Iaj/IFe and 
Isj/Ipe were 20-30% smaller for s < 0 than for 
s > 0; Ico/IFe stays almost constant regard- 
less of the diffraction condition, although 
the measurement in x-ray intensity of Co is 
Subjected to large error because the Co-Ka 
line overlaps with Fe-Ka line and the Co-Kég 
line is too weak to quantify. Reco = 1 can re- 
sult only when Co substitutes at the two Fe 
Sites (the Ai; and Az sites} randomly. The 
preferential occupation of the A, site by Co 
atoms reported in a Méssbauer experiment” was 
not observed in the present study. Ic¢;/Ipe at 
s < 0 was about 8% lower than that at s > 0. 
This result suggests that Cr weakly prefers 
the A, site to the Ai site. However, the dif- 
ference could be within the experimental error. 

The result obtained for the Ti-bearing sam- 
ple is shown in Fig. 2(b). Figure 3 shows 
that ITi/IFe is about 30% smaller when s < 0 
than s > 0 and thus Ti tends to occupy the 
planes that contain the A, and B sites. In or- 
der to differentiate whether Ti occupies the 
A, or the B site, ALCHEMI experiments such as 
those using the (111) or the (113) planes 
(Fig. 4) would appear to be necessary because 
these planes can be resolved into layers of 
[Ai , Rog Ais B anes 

Computer simulation of the behavior of Bloch 
waves has to be performed to sort cut suitable 
diffraction conditions for these systematic 
rows as well as for the (002) row for compari- 
son, The calculation was performed by use of 
about 40 systematic reflections in each case 
under the accelerating voltage of 120 kV. 
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FIG. 1.--Three sublattices of DO; structure. 

FIG. 2.--EDXS spectra normalized with Fe-Ka in- 
tensity obtained from each specimen, with s < 0 
(1) and s > 0 (2) conditions for 002 reflections. 
FIG. 3.--Ratios of Al, Si, Cr, Co, and Ti inten- 
sities for s < 0 to those for s >0 [(Ix/Ipfe)s<o/ 
Ix/IFe)s>9 = RX] for (002) planar channeling. 
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FIG. 4.--(a) 110 projection of DO, structure and (b) diffraction conditions used in planar 
ALCHEMI experiments. Structure factor for each reflection is © 8f,, + 4f,, + 4fp; ™ 8f,, - 
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Fourier components of the inner potential V scribed by the parameter 6,, which defines the 


were calculated from atomic scattering factors 
given by Doyle and Turner.” The imaginary part 
of the Fourier potential Vg' was chosen as 

Vg! = 0.05Vg. Thermal Debye parameters used 
were those tabulated in Internattonal Table for 
X-ray Crystallography.®° The elastic electron 
intensity for each branch across the unit cell, 
\p(r)|7, is plotted. The intensity is normal- 
ized with that of the incident electron. The 
positions of the atomic planes Ai, Az, and B 
are indicated. The numbers in the figure indi- 
cate the branches of Bloch waves. The diffrac- 
tion conditions used in the simulation are de- 
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position at which Ewald sphere intersects the 
systematic line. For example, do02 = 1.4 indi- 
cates that Ewald sphere intersects the position 
001.4. 

The channeling effect expected on the (002) 
plane is strong (Figs. 5a and b). Bloch wave 1, 
which localizes at the A,(Fe) position, is dom- 
inant when dOyo92 = 1.4, whereas Bloch wave 2 is 
dominant at Oooo = 3.43; in this case electrons 
channel on the planes containing the A» and B 
sites. In both cases, the simulated behavior of 
Bloch waves explains the strong channeling ef- 
fect observed in the (002) experiments. 


Ix/IFe 


FIG. 5.--Calculated elastic electron intensity for each branch across unit cell, lw(r)[?, for (a) 
Diffraction conditions assumed are also shown 


and (b) 002 projection 
by positions Of dg. 


FIG, e ecRelaeive: xouax intensities of Al, Si, and Ti to Fe(Iy/Ipe) for four 111 systematic dif- 
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The computer simulations performed for the 
(111) ALCHEMI with $311 = 0.6, 1.6, 2.62, and 
3.4 are shown in Figs. 4(c)-(f). Under these 
conditions, only one of the Bloch waves 1-4 is 
strongly excited. Although the channeling ef- 
fect on (111) is weaker than that on (002), 
w(r) |? has peaks at the A,(Fe) planes for 
$111 0.6 and at the A,(Fe) planes for 6111 = 
1.6. With $111 = 2.62 and 3.4, Bloch waves 3 
and 4 weakly localize at the A,{Fe) and the B 
planes, respectively. It is also predicted 
that the intensity at the B site increases grad- 
ually as 6111 increases from 0.6 to 3.4. 

Relative x-ray intensities ly/Ipe(x = Al,Si, 
Ti) as a function of diffraction conditions 
which were measured for the (111) systematic 
reflection from four different areas are plot- 
ted in Figs. 6(a)-(c). The diffraction condi- 
tions used are shown in Fig. 6(d). Both the 
hhh and hhh experiments are performed for each 
area. The scatter in ly/Ipe is not due to the 
local variation of the chemical compositions, 
but to the differences in thickness and dif- 
fraction condition including the accidental 
excitation of nonsystematic reflections. The 
behavior of I,;/Ipg and Isi/Ife is consistent 
with the simulated behavior; they increase as 
$111 increases. The behavior of I7j/Ife is 
shown in Fig. 6(c). The measured I7j/IFe is 
high for the two diffraction conditions, 1 and 
3, where |vCr) |? at the A, planes is higher 
than those at the A, and B planes (Figs. 5c and 
e). Thus we conclude that Ti preferentially 
occupies the A,(Fe) site. It is worth noting 
that I7j/Ife for the diffraction condition 2 is 
the lowest in the four conditions used in the 
experiment, which indicates that two types of 
the Fe sites, A, and A,, as well as the A, and 
B sites can be distinguihsed in the (111) chan- 
neling. 

The calculation shows that the channeling 
effect on the (113) planes should be too weak 
to be useful at 120 kV. The channeling effect 
observed was indeed weak partly because it was 
extremely difficult to avoid the excitation of 
nonsystematic reflections, which can change the 
electron channeling severely. 


Conelustons 


Atomic sites of Ti, Cr, Co in high corrosion- 
resistant Sendust (Fe-9.6%Si-5.5%Al) are de- 
termined by channeling enhanced x-ray micro- 
analysis. 


1. Strong channeling effect is observed for 
the (002) planar ALCHEMI, where distinction be- 
tween the planes containing A,(Fe) and those 
containing A,(Fe) and B(A1,Si) is possible. 

2. For the distinction of the A, site and 
the B site, the (111) and (113) planar ALCHEMI 
was tested. Computer simulation shows that the 
channeling effect expected is very weak for the 
(113) plane. However, it is predicted that the 
use of the (111) systematic condition can dis- 
tinguish the three atomic sites, A,, A2, and B, 
although the channeling effect should be weaker 
than that for the (002) plane. 

3. The (002) Planar ALCHEMI experiments re- 


vealed that Cr and Co tend to occupy the Aj 
and A, sites randomly, although Cr has a weak 
tendency to occupy the A, site preferentially. 

4, The (002) and (111) planar ALCHEMI re- 
vealed that Ti preferentially occupies the A, 
site. 


Burch et al.’ reported in their spin-echo 
experiment that impurity elements to the left 
of Fe in the periodic table enter the A, site 
and those beneath and to the right of Fe occu- 
py the A, site in Fe,;Si. In the present work, 
preferential occupation of the A, site by Ti 
is observed, but Cr and Co exhibited the ten- 
dency to occupy the two Fe sites randomly in 
the (002) planar ALCHEMI. (111) ALCHEMI ex- 
periments on the Cr-bearing and Co-bearing Sen- 
dust are being carried out to see whether these 
elements prefer either of the two Fe sites. The 
magnetic and anticorrosion properties of the 
Sendust alloys described in the present studies 
will be discussed elsewhere.® 
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APPLICATION OF ALCHEMI TO 
P. R. Munroe and 


Ternary substitutional elements are often added 
to binary intermetallic compcunds. The effect 
of these ternary additions may depend on which 
lattice site they occupy; therefore, determina- 
tion of the ternary lattice site is important. 
One method for determination of lattice site 
occupancy is a transmission electron microscope 
(TEM) technique called ALCHEMI,’ or atom site 
location by channeling enhanced microanalysis. 
This paper presents the results of determina- 
tions of lattice site occupancy of ternary ad- 
ditions to a number of B2 and Ll,-structured 
intermetallic compounds by ALCHEMI. Site occu- 
pancy determinations by x-ray diffractometry 
(XRD) are also presented, providing a compari- 
son of these two techniques for ternary atom 
site location. 


Expertmental 


The following alloys were studied (all com- 
positions are given in atomic %; their struc- 
tures are given in parentheses): Ni-47A1-3V 
(B2); Ni-30A1-20Fe (B2); an alloy designated 
IC-77 with nominal composition 
Ni7z5.sAlooHfo.0Bo.24 (Ll2); and an Ll2-struc- 
tured phase with the approximate composition 
Al7y.2Tii9Ni¢g.s, designated a 7 phase, in an 
alloy with composition AlggTiz3Nieg. Thin 
foils were prepared through established elec- 
tropolishing routes. 

For the ALCHEMI studies the thin foils were 
examined in a JEOL 2000FX TEM, furnished with 
a Tracor Northern 550011 EDS system. EDS data 
were recorded using an accelerating voltage of 
80 kV, to minimize delocalization effects, us- 
ing an incident beam divergence of ~Smrad, 
spot sizes up to %250nm and acquisition times 
of up to 400 s. Pairs of data were obtained 
at two orientations, one in a strong channeling 
condition and the other in a "random" weak 
channeling condition. From these data the con- 
centration Cy of an element X on the A atom 
sites was quantified according to the expres- 
sion 


Z R Z R 
~ Z R Z R 
(N,/N,} - (Ny /NR”) 
where NaZ, Np2, and Ny4 are the characteristic 
x-ray intensities of elements A, B, and X in an 
AB + X or AsB + X type of composition at the 


channeling position, and NgR, NpR, and NyR are 
the characteristic x-ray intensities A, B, and 


Cy 
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INTERMETALLIC COMPOUNDS 
Ian Baker 


X at the random position.? Results are the 
average of five measurements. The error quot- 
ed is the standard deviation of the five de- 
terminations. 


Results 


ALCHEMI was used to determine the site oc- 
cupancy of vanadium in B2-structured Ni-47A1-3V, 
X-ray spectra were recorded by use of the 
{100} systematic row over a range of positive 
and negative values of the deviation parameter 
from the Bragg condition,Sg. The intensity of 
the vanadium Ka peak, Ny, was ratioed to both 
the nickel Ka, Nyj, and aluminum K, Nay, peaks, 
and plotted as a function of Sg (Fig. 1). The 
Ny/Na, ratio remains constant, whereas the 
Ny/Nyj ratio varies with Sg, thus inferring 
that the V atoms occupy Al sites. However, 
quantification was more complex. For small 
deviations (e.g., 10.02nm™* positive and nega- 
tive from the Bragg condition), the calculated 
fraction C of V atoms on the Al sublattice was 
116 + 36%. When C was calculated from the 
"symmetry" position (i.e., where Sp is a mini- 
mum), and a "random" position (where Sg is 
large and positive, 10.2 nm™'), the fraction 
of V atoms on the Al sublattice was 96 + 5%. 
Clearly, quantification using spectra acquired 
at the "random" and at the "symmetry" posi- 
tions is more accurate. The "symmetry" posi- 
tion can be set very accurately and reproduci- 
bly from convergent beam information, but the 
x-ray intensities at the "random'' position 
vary little with small deviations in diffrac- 
tion condition. 

ALCHEMI studies of intermetallic compounds 
have been performed previously on compounds at, 
or near to, stoichiometry. In these cases it 
is assumed that there are no antisite defects. 
Yet in compounds which are far from stoichiom- 
etry, there may be A atoms on the B sublattice. 
For example, in Ni-45Al, 10% of the Al sublat- 
tice sites are occupied by Ni atoms. Thus if 
a nickel-rich NiAl thin foil is tilted to an 
orientation at which the x-ray intensity of 
the Al sublattice is enhanced, there will be 
a concomitant enhancement of the nickel x-ray 
intensity due to the Ni atoms located on the 
Al sublattice. It is not clear whether AL- 
CHEMI may be applied to such compounds. 

For the purposes of ALCHEMI studies on B2- 
structured Ni-30A1-20Fe it was assumed that Ni 
and Al sublattices were "perfect''; i.e., there 
were no antisite defects, which thus implies 
that all the Fe atoms are located on the Al 
sublattice. From spectra acquired from the 
{100} systematic row it was calculated that 
70 + 5% of the Fe atoms occupied the Al sub- 
lattice. That infers that the Fe atoms are 
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FIG. 1.--Ratios of Ny/Na; and Ny/Nni as a func- 
tion of Sp. 


partitioned between both sublattices. If this 
alloy behaves in a similar manner to nickel- 
rich NiAl, the presence of Fe atoms on the Ni 
sublattice would result in excess Ni atoms lo- 
cated on the Al sublattice. Iteratively, that 
implies that the original assumption, that 
there is no Ni on the Al sublattice, is incor- 
rect. Therefore, in orientations at which the 
x-ray intensity of Al is enhanced, there may 
also be some enhancement of the Ni x-ray inten- 
sity, so that the experimental data used in 

the above calculations are questionable. Al- 
ternatively, the deviation from stoichiometry 
through the presence of Fe on the Ni sublattice 
may be accommodated by constitutional vacancies 
on the Al sublattice. In this instance the 
quantified ALCHEMI data would be nominally cor- 
rect. All one can therefore conclude is that 
all the Fe is not on the Al sublattice, and 
that some Fe atoms are located on the Ni sub- 
lattice, possibly with some Ni atoms located 

on the Al sublattice. 

In contrast to B2 alloys, planar channeling 
may not be applied to Ll, compounds, due to the 
absence of planes containing only A or B atoms. 
The <ll1l> zone axis contains columns of A and B 
atoms well separated from each other, so that 
axial rather than planar channeling was per- 
formed. EDS spectra from IC-77 recorded at 
both <111> zone axis and at a weakly channeling 
"random" position 3° away from the <111> zone 
axis are shown in Fig. 2. Quantification of 
the data showed that 66 + 5% of the Hf atoms 
occupied the Al sublattice. The accuracy of 
this quantification may be affected by the 
slight peak overlap between the Al K and the 
Hf M peaks. Delocalizaiton effects may also 
affect the accuracy of ALCHEMI quantifications, 
especially if the integrated intensities of 
low-energy peaks are used.°°* These effects 
may be overcome by the use of delocalization 
correction factors. For example, the delocali- 
zation correction factor for the nickel L 
peak, PNiy? may be calculated from 
= (Ni, /Ni,) / (Ni, /Ni,) 
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FIG. 2.--EDS spectrum from IC-77 recorded at 

(a) <111> zone axis, (b) 3° away from <111> 

zone axis. 


The expression for the concentration Cy of X 
atoms on the A sublattice may be modified to 
incorporate the delocalization correction fac- 
tors, 


1 Z R 1 Z R 
EN, ANY) ee, IN, ) 
X B 

xX 1 Z R 1 Z R 
Foy /NA > FOR /Ny ) 
A B 
where Fa, Fp, and Fy are the delocalization 
correction factors for elements A, B, and X in 
an AB + X or AzB + X type of composition. For 
IC-77 a delocalization correction factor may 
not be directly calculated for aluminum since 
only the Al K peak is present. In a similar 
alloy, Bentley estimated a delocalization cor- 
rection factor for Al K by interpolation be- 
tween the calculated delocalization factors 
for the Nij, and HfM peaks.* In this study, 
Fufq May not be readily calculated because of 
the peak overlap between the Al K and the Hf M 
peaks. However, spectra were recorded at an op- 
erating voltage of 80 kV where delocalization 
effects are reduced. *>? FNiL was calculated to 
be 0.85, which suggests that the delocalization 
correction factor for Al would be close to uni- 
ty, and the corrected data would fall within 
the experimental error of the uncorrected data. 
Thus, the data at the <lll> zone axis were not 
corrected for delocalization. 
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FIG. 3.--EDS spectrum from 7 phase recorded at 
(a) <ll1> zone axis, (b) ~3° away from <11l> 
zone axis. 


in the Ll,-structured 1 phase of approximate 
composition Al7y4.2Tii9Nig.8. From spectra ac- 
quired from the <111> zone axis and the weakly 
channeling "ramdom" orientation (Fig. 3), it 
was calculated that 6 + 1.5% of the Ni atoms 
were located on the Ti lattice site. Again, a 
delocalization correction factor for Al could 
not be directly calculated, but FNi; was esti- 
mated to be 0.9, which again suggests that the 
delocalization correction factor for aluminum 
would be close to unity, and the corrected data 
would fall within the experimental error of the 
uncorrected data. 

X-ray diffractometry (XRD) was performed 
with unfiltered copper radiation on a Siemens 
D5000 diffractometer. A detailed descri*tion 
of both the theory and experimental metiiocs 
used has been given elsewhere. XRD was per- 
formed on powders of the AlgogTi23Nig alloy; the 
IC-77 was examined in the form of a sheet “1mm 
thick. Addition of a ternary addition to Ni;Al, 
for example, increases or decreases intensity 
of the fundamental peaks, depending on the val- 
ue of the atomic scattering factor relative to 
the atomic scattering factors of Ni and Al, in- 
dependently of whether the ternary element sits 
on the Ni or Al sublattice. However, the super- 
lattice peak intensity is strongly affected by 
both the atomic scattering factor and the site 
occupancy of the ternary element. Thus, by com- 


paring measured (superlattice) intensities 
with theoretical calculations of intensities 
(based on an assumption of the ternary atom 
lattice site occupancy}, one can determine on 
which lattice sites the ternary atoms sit. 

For IC-77, the measured ratio I:90/I200, by 
use of Cu Ka radiation, was 0.049. A calcula- 
tion of Iio0/I200 was performed with the as- 
sumption that all the Hf, 1 at.% Ni and all 
the Al occupy the Al sublattice, giving a com- 
position (Ni2zs5)3(Al22Hf2Ni,), yielded 0.053. 
The 8% difference between the calculated and 
measured values of Iio00/I200 could theoretical- 
ly be accommodated by having constitutional 
vacancies on the Ni sublattice, although this 
outcome seems unlikely given the nickel-rich 
composition of the alloy. Hf displacing Ni 
from the Ni sublattice is not a possibility 
since that would tend to make Ij00/Iz00 larg- 
er. Another possibility is that the composi- 
tion deviates slightly from the quoted value; 
for example, an error in the quoted Hf concen- 
tration of less than 0.2 at.% could account 
for the result. (The presence of boron was 
ignored, since it occupies interstitial lattice 
sites and thus does not displace any elements 
with a larger scattering factor, little was 
present, and it has an atomic scattering factor 
much lower than that of the other elements 
present.) 

For the Llz-structured 7m phase, Iy00/I200 
was measured by use of Cu Ka radiation; the re- 
sult was 0.098. The composition suggests that 
the Ni atoms simply fiil up the Al and Ti sub- 
lattices not occupied by the Al and T, respec- 
tively. However, calculation showed that this 
assumption could not yield the measured 
Tio0/l200 values. In order to determine the 
site occupancy, the following calculation was 
performed. Ti was assumed to occupy only the 
Ti sublattice and no constitutional vacancies 
were assumed to be present. The Ni was as-~- 
sumed to partition between both sublattices 
with Al occupying the remaining sites. That 
is, a composition of the form 


(Aleg.2+6x + Nig.s-e6x) (Ti19NicgxAle-6x) 


was assumed, where x is the partitioning frac- 
tion (from 0 to 1) of Ni atoms on Ti sites. 
(The value of 0 still has 0.8 at.% Ni on the 
Al sublattice for no constitutional vacancies 
to be present.) The calculated value of 
Tio0/I200 was set equal to the measured value 
to obtain x. The value of x obtained for Cu K 
was 0.49. Thus, the compound is approximately 
(Al71.1Ni3.9(TiisNi2,9A13.1), or 43% of the Ni 
is on the Ti sublattice. Again, errors in the 
composition (which was determined by EDS) would 
lead to changes in the calculated site occupancy. 


Diseusston 


There are several sources of error in the 
ALCHEMI technique, some of which have been dis- 
cussed by Bentley for Ll, compounds.’ First, 
the poor energy resolution in EDS leads to 
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problems in peak overlap, which inhibits the 
accurate measurement of the integrated intensi- 
ties of the peaks of interest. This was a prob- 
lem for Hf in NizAl in the present study. Sec- 
ond, small ternary additions (<0.5at%) will be 
either close to or below the detection limit 
for that element. Obtaining an accurate inte- 
grated intensity from a peak of a ternary addi- 
tion may be difficult, and is likely to be a 
source or error. Third, delocalization effects, 
especially in low-energy lines, make quantifi- 
cation of data difficult. Since correction 
factors may not always be readily calculated, 
through interpolation for example, they must 
often be estimated, which can introduce a con- 
siderable error factor into any calculations. 
However, it has been demonstrated that delocai- 
ization effects are reduced by the use of lower 
accelerating voltages.?*° Fourth, anti- 

site defects convolute ALCHEMI data, for exam- 
ple in the 7 phase it was found that the Ni 
atoms preferentially occupied the Al sublattice, 
which results in Al antisite defects on the ti- 
tanium lattice. Under conditions where atoms 
on the Ti sublattice are strongly channeled, 
which leads to enhanced emission of Ti x-rays, 
there will also be enhancement of the Al x-ray 
intensity due to those Al antisite defects. 
This feature makes the experimental integrated 
x-ray intensities used in the ALCHEMI calcula- 
tions questionable, and an accurate quantifica- 
tion of the number of Ni atoms on the Ti sub- 
lattice cannot be performed through this tech- 
nique. 

Only one of the above problems applies to 
atom location by XRD; a small amount of a ter- 
nary addition may have little effect on the 
x-ray peak intensities. Peak overlap may only 
be a problem in multiphase alloys, where peaks 
from other phases overlap peaks from the phase 
of interest. There are no delocalization prob- 
lems; indeed, atom location of particularly 
light (and heavy elements) may be particularly 
accurate by this method, because their atomic 
scattering factors may differ significantly 
from those of transition metals for example. 
However, to perform the calculations some arbi- 
trary, although possibly reasonable, assump- 
tions were required. The determination of atom 
site location through XRD is ultimately limit- 
ed by the accuracy with which the composition 
of the phase is known. 


Conelustons 


ALCHEMI experiments have been performed on a 
number of B2 and Ll,-structured compounds. It 
has been demonstrated that ALCHEMI is easier to 
use for atom site location in B2 than Ll,-struc- 
tured compounds and in near, rather than non- 
stoichiometric compounds. Atom site location 
through XRD was found to be useful, although 
this technique also has experimental limita- 
tions. 
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COMBINED MICROBEAM ANALYSIS APPLIED TO THE STUDY OF GOLD OCCURRENCE IN THE 
PRIMARY ORE OF CARLIN TYPE DEPOSITS IN SOUTHWESTERN CHINA 


Yongkang Liu, Xianxian Ye, Zhenya Sun, 


Shirong Liu, Guanquan Wan, Lind Zhou, 


Fanggiong Lu, M. L. Rivers, S. R. Sutton, Zhuoran Lin, and Jiliang Li 


Since the mid-1960s many gold deposits of 'Car- 
lin" type have been discovered in Guizhou, Si- 
chuan, Yuennan, and Guangxi in Southwest China. 
Knowledge about the occurrence of gold in Car- 
lin type deposits, referred to as "invisible," 
has been an open question. In recent years, 
new results have been obtained with SXRF and 
AEM-EDX, but further overall work remains to be 
done for a better understanding of the occur- 
rence and better solution to the recovery tech- 
niques of gold in this kind of ore. Our work 
in this direction has been successful owing to 
an analysis in which a complementary combina- 
tion of SEM-EDS, AEM, EPMA, and SXRF is used. 
This paper reports the results of one study 
(among many others) of the Yata gold deposit 
showing the striking revelation of its occur- 
rence which provides the key information for de- 
termination of the exploration and recovery 
method. 


Geologteal 


In China, Carlin-type gold deposits are re- 
ferred to as "micrograined,"' Although various 
gold deposits are believed to differ from each 
other in terms of their petrography, tectonics 
and period of genesis, mineral association, and 
elemental constituent, behavior of adjoining 
rock alteration and occurrence of the gold ores 
are basically the same. The characteristics of 
the gold deposit of this kind have been general- 
ized by (1) mostly very fine grain (a few nano- 
meters to a few hundred nanometers), and only 
rarely with the coarse grain of natural gold up 
to 10 um in oxidized ores; (2) ore bodies of ir- 
regular shapes, mainly lens shaped and vein 
shaped; (3) mineralization taking place mainly 
in fine grain detrital rocks, such as fine grain 
siltstone, clay rocks, partially in limestone, 
volcanic sedimentary rocks and tectonic breccia; 
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(4) closely related to the silicious process; 
and (5) intergrown with pyrite (arsenical py- 
rites), mispickel, zinnober, zinckenite, etc. 


Ore Characteristics 


Composttton. The main composition consists 
of SiO, (more than 60%), Al1,0; (more than 15%), 
Fe,0,, FeO, K,0, CaO, MgO and S, with the de- 
sired Au as a trace concentration and As, Hg, 
Sb, and C as unwanted elements. 

Mineral Association. Apart from the major 
associated quartz and clay minerals (kaolinite, 
montmorillonite, hydromica, etc.), various vis- 
ible minerals pyrites (arsenical pyrites), 
poliopyrites, platyophthalmite, orpiment, to- 
waynite, etc., are associated as minor miner- 
als. 


Expertmentatl 


Analytical work was carried out with the ap- 
plication of a complementary combination of the 
following microbeam analysis techniques. 


SEM-EDX,. Polished sections of ore rock were 
observed by the backscattered electron image 
mode in a JEOL 35C SEM equipped with an EDX 
operating at accelerating voltage 20 kV. Pos- 
Sible gold grains were searched and identified 
according to their backscatter electron image 
brightness and EDX spectra. 

AEM, Ore powder samples prepared by con- 
ventional procedure were observed under an 
H-600B TEM equipped with EDX. 

EPMA. Some gold grains of bigger size were 
further analyzed with a JEOL JAX-733 electron 
microprobe analyzer with high-resolution WDX to 
facilitate better determination of the composi- 
tion of both the gold grain and the intergrown 
minerals. 

SXRF. Further analyses with high gold-de- 
tecting capability were carried out on gold- 
bearing arsenical pyrites and clay minerals by 
use of the SXRF facilities at the Brookhaven 
National Laboratory, USA. 


Results: Oceurrence of Gold 


Through the combined analysis of complemen- 
tary microbeam techniques, natural gold grains 
have been effectively found with the main min- 
erals quartz, clays and arsenical pyrite of the 
ore-bearing rocks. The gold grains or aggre- 
gates are found embedded between grains of 
quartz or clays and inside the microcracks of 
quartz or clays. Many more gold grains have 
been found within the arsenical pyrite (regard- 
ed as a gold-bearing mineral) in the form of in- 
clusions, but not isomorphous substitution or 
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so-called absorbed film. and J. R. Chen, Mtcrobeam Analysts--1987, 329. 
The gold grain sizes in the unweathered 3. J. D. Well and T. E. Mullens, Economic 

original ore range from 7 nm to 0.2 um. Gold Geology 68: 183, 1973. 

grains larger than 1 um are usually found in 

the weathered cracks. Occasionally 10um gold 

grains are found in the strongly weathered 

Sites. 
Some electron micrographs of SEM and TEM 

and spectra of EDX, EPMA, and SXRF are present- 

ed below to show the typical results. 


Gold tn Arsenical Pyrite. Photo 1 shows the 
EPMA result on a gold grain included in arseni- 
cal pyrite, giving the secondary electron image 
at the lower left, the Au La x-ray image at the 
lower right, the As Ka x-ray image at the upper 
left, and the Fe Ka x-ray image at the upper 
right. 

Figure 1 shows the EPMA x-ray spectra of the 
gold grain in Photo l. 

Photo 2 shows the EPMA backscattering elec- 
tron image of an arsenical pyrite with an in- 

8 cluded natural gold grain in the center. 

a Figure 2 shows the EPMA x-ray spectra of the 
2 gold grain in Photo 2; note that the arsenic Ka 
has appeared because of the spreading of the 
probe electron into the arsenical pyrite matrix. 

Photos 3 and 4 are paired, showing a gold 
grain in arsenical pyrite and the Au La x-ray 
intensity of linescan through the grain, giving 
a Significant peak corresponding to the gold 
grain. 

Figure 3 shows the result on SXRF analysis, 
providing further confirmation of gold exis- 
tence in fine-grain arsenical pyrite. 

Photo 5 shows the TEM micrograph of a gold 
grain in arsenical pyrite which is confirmed 
by the in situ EDX analysis result shown in 
Fig. 4. 


Gold in Clays. Photo 6 is a TEM micrograph 
with 300 000x magnification, showing a gold 
grain smaller than 7 nm embedded in a kaolinite 
crystal, which has also been confirmed by in 
situ EDX analysis. 

Photo 7 is a SEM micrograph showing a grain 
of natural gold embedded in the stratification 
of a clay, which is confirmed by in situ EDX 
analysis shown in Fig. 5 with significant peaks 
of Au, Si, Al, K, etc. 

Figure 6 is the result of SXRF analysis on a 
clay crystal proper with no Au peak, showing 
that gold has been undetectable within the 
crystal of clay minerals. This does not mean 
that gold cannot exist as an interstitial be- 
tween clay crystals. 


Gold in Quartz. Photo 8 is an SEM micro- 
graph showing a grain of natural gold embedded 
between grains of quartz, which is confirmed 
by in situ EDX analysis shown in Fig. 7. 
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SITE OCCUPATION OF TERNARY ELEMENT IN AN A1Ti COMPOUND BY ALCHEMI 


Yunrong Ren, Ya Xu, Zuging Sun, and Guoliang Chen 


Site occupation of alloying addition in AITi 
compounds is important for high-temperature al- 
loy development. In this paper, we locate the 
ternary element Nb in an AlTi compound by the 
ALCHEMI technique. With the Lio-type struc- 
ture, the planes of either (110) or (001) are 
composed of Al and Ti atoms alternately. A 
standing electron wave can be obtained when the 
incident beam is set to be nearly parallel to 
the (110) or 001) plane. Figures 1{a) and (b) 
show the Llo-type structure of the A1Ti com- 
pound and its atomic arrangement. The standing 
electron waves were excited across (110) planes 
as shown in Fig. l{c). The density of a stand- 
ing wave has a maximum at the planes of Al 
atoms for s > 0 conditions and at the planes of 
Ti atoms for s < 0 conditions. Characteristic 
x-ray intensities depend directly on the densi- 
ty of the incident electrons at the atomic 
planes. Therefore, the ternary element dis- 
solved in the AITi compound can be easily lo- 
cated by the ALCHEMI technique.+?? 


Experiment 


A specimen of 51.lat%Al-41.5at%Ti-7.4at%Nb 
alloy was used. The structure of this specimen 
is composed of AITi, TizAl, and other interme- 
tallic compounds, which were examined by x-ray 
diffraction and electron diffraction. The elec- 
tron micrograph of this specimen (Fig. 2) is of 
lamellae of the AlTi phase about 1 um wide. An 
Nb-free specimen of AITi was used in comparison 
with the Nb-containing sample. Experiments 
were performed with a Philips EM400T analytical 
electron microscope equipped with an EDAX 9100 
EDS system at an accelerating voltage of 100 
kV. The specimen was tilted to 130°. For 
ALCHEMI experiments, the incident electron beam 
was set to be nearly parallel to the (110) 
planes. The characteristic x-ray spectra were 
recorded from the crystal of Al1Ti under three 
diffraction conditions: at positive deviation 
(s > 0) from the exact Bragg diffraction condi- 
tion, at negative deviation (s < 0) from the 
exact Bragg diffraction condition, and at a non- 
channeling condition in which no low-order dif- 
fraction spots were excited. At the former con- 
ditions, the reflection (110) was excited. A 
spot size 400 nm in diameter in the microprobe 
was used. The beam convergence angle was about 
1.2 mrad. X rays were collected for 100-200 s 
with a counting rate about 2000 cps. 


Results 


The x-ray spectra and the corresponding dif- 
fraction conditions are shown in Figs. 3-5. 


The authors are at the University of Science 
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Numerical data of the x-ray intensities of the 
spectra shown in Fig. 4 are listed in Table 1. 
From Fig. 3 we see clearly that the Li-type 
structure is very sensitive to the electron 
channeling effect. Figure 4 shows that the 
ratio of the intensity of Ti and Nb peaks is 
approximately a constant under various diffrac- 
tion conditions. It can be estimated that Nb 
atoms probably lie in Ti planes. The calcula- 
tion was performed with the equation® 


F.= G1 - RY/(R, - RD 


where Ra = (Ny /Ni°/(No™/N2), Rb = (Na*/Na°)/ 
(NoX/N2°), Fx is the fraction of ternary ele- 
ment on the site with A or B atoms, and N is 
the number of x-ray counts for atoms. Diffrac- 
tion conditions were denoted by subscripts 1 
and 2 for the nonchanneling and channeling spec- 
trum, respectively. The combination of one 
channeling spectrum (s > 0 or s < 0) plus a 
nonchanneling spectrum was used for calcula- 
tion. The results of the calculation of the 
fraction FyNp with the data obtained from three 
different regions of the specimen are in the 
range of 102% to 106% with an average of FNb = 
104%. The reproducibility of this experimen- 
tal value of Fyp is acceptable. 


TABLE 1.--Characteristic x-ray intensity (10? 
counts in peak). 


s > 0 s < 0 Nonchanne ling 
A1LK 190 .88 165 .86 171.54 
NbL 55.58 91.09 67.54 
Tik 273.40 434.62 327.79 
Coneluston 


It can be concluded that approximately 100% 
Nb atoms lie in the planes of Nb atoms. We 
also noted that there was an error of 5% in 
the Fyp value in the present study, since the 
site-occupation determination by ALCHEMI is not 
fully quantitative. The accuracy of the 
ALCHEMI technique could be improved if a cor- 
rection for the so-called localization effect 
were applied to the results obtained. This 
correction will be made in future studies. 
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S110 <0 


FIG. 1.--(a) Lig-type structure of A1Ti, (b) atomic arrangement of A1Ti projected along [001] 
direction, (c) standing-electron-wave schemes. 

FIG. 2.--Transmission electron micrograph of A1Ti compound with Nb. (Bar = 
FIG. 3.--Characteristic x-ray spectra of AITi compound for (a) s > 0, (b) s 
ing diffraction conditions. 

FIG. 4.--Characteristic x-ray spectra of A1Ti compound with Nb; diffraction conditions as in 
RiP eos 

FIG. 5.--Electron diffraction patterns for (a) s > 0, (b) s < 0, (c) nonchanneling. 


1 um.) 
< 0, (c) nonchannel- 
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PRACTICAL IMPORTANCE OF SPATIAL RESOLUTION AND ANALYTICAL 
SENSITIVITY IN AEM X-RAY MICROANALYSIS 


Jing Zhang, D. B. Williams, and J. I. 


Solutions to many materials science problems 
are based on the compositional analysis of com- 
ponents in multiphase microstructures that are 
often on a scale as fine as 10 to 100 nm. One 
of the most important advantages of the analyti- 
cal electron microscope (AEM) is its ability to 
achieve high-spatial-resolution chemical analy- 
sis with x rays. Spatial resolution and ana- 
lytical sensitivity are two fundamental parame- 
ters in AEM x-ray microanalysis. For many ma- 
terials problems, especially when a nonequilib- 
rium system is involved, it is very important 
that these two parameters are optimized. In 
this paper, we characterize these two parame- 
ters, using heat-treated Fe-Ni alloys for the 
determination of the low-temperature Fe-Ni 
phase diagram. 


Spatial Resolutton and Analytteal Senstttvity 


The spatial resolution of x-ray microanaly- 
sis is the size of the x-ray source, which is 
determined by the electron-probe diameter and 
the electron-beam broadening in the speci- 
men.1~* Other factors such as specimen drift, 
stray radiation, and the geometry of the phases 
also affect the spatial resolution. Analytical 
sensitivity is the ability to distinguish, for 
a given element under given analysis conditions, 
two concentrations that are nearly equal. The 
analytical sensitivity is directly related to 
the number of peak x-ray counts collected and 
to the peak-to-background ratio, and therefore 
to the probe current, specimen thickness, and 
counting time.* The spatial resolution and 
analytical sensitivity are interrelated. The 
use of a smaller probe size and a thinner spec- 
imen yields a higher spatial resolution. How- 
ever, the resulting lower beam current and 
smaller x-ray excitation volume 
x-ray intensity and therefore degrades the ana- 
lytical sensitivity. 


Experimental 


The diffusion of Ni in Fe-Ni alloys is ex- 
tremely sluggish at low temperatures; for ex- 
ample the interdiffusion coefficient is »107*° 
cm?/s in austenite at 400 C.”° As a result, it 
is practically impossible to expect significant 
atom movement in austenitic Fe-Ni alloys below 


400 C. However, alloys containing <30wt% Ni 
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will transform to martensite and the diffusion 
coefficient of the martensite is at least six 
orders of magnitude larger than that of the 
austenite. The martensite will decompose into 
a two-phase structure during aging. Under the 
assumption of interface equilibrium, the inter- 
facial composition of the two phases should 
represent the equilibrium on the nonequilib- 
rium phase boundaries at the heat-treatment 
temperature. The difficulty in determining the 
low-temperature Fe-Ni phase diagram is due to 
the very fine two-phase structure resulting 
from the low diffusivity. The two-phase struc- 
ture of the decomposed martensite Fe-Ni alloys 
investigated in this study is composed of a 
high-Ni fcc precipitate phase and a low-Ni bcc 
matrix phase. The width of the precipitates 
varies from roughly 100 nm at 400 C to 10 nm 

at 300 C for a one-year heat treatment. 

A Philips EM430T TEM/STEM with a Link in- 
trinsic Ge EDS detector and a Link An10000 
system, and a Vacuum Generators (VG) HBS501 STEM 
with a Link Si(Li) windowless EDS detector and 
a Link AN10000 system were used for analysis. 
The electron probe diameter of the HB501 STEM 
(100 kV) used in this study was 1.8 nm (FWTM) 
and was measured by scanning the probe across 
a thin crystal of Mg0.® The beam current in 
this probe was 0.5-0.8 nA, which gave an ana- 
lytical sensitivity of v5% in 20nm-thick spec- 
imen regions for a 100s counting time. We mea- 
sured the intensity distribution in the focused 
electron probe of the EM430T AEM (300kV) oper- 
ating in the STEM mode by recording the probe 
image on a photographic plate and measuring 
the film density level using a densitomer. 
smallest STEM condenser-lens setting that 
yields a minimum acceptable analytical sensi- 
tivity (5-10% for a 50-100nm specimen thickness 
and 2min counting time) is spot size setting 5. 
This probe has a 0.09nA beam current with a 
FWHM probe diameter of 4.0 nm and a FWIM probe 
diameter of 6.8 nm for a 50um C2 aperture. 
Figure 1 shows the measured intensity profiles 
of this probe. Use of a large C2 aperture 
(100 um) resuits in a distorted probe shape 
with a major increase in the FWIM probe diame- 
ter (Fig. Ic). Hence the spatial resolution is 
degraded. The focusing condition of the probe 
forming lens (objective lens) for STEM imaging 
is different from the focusing condition for 
microanalysis for this probe size/C2 aperture 
combination. The electron probe shown in 
Fig. l(a) has the smallest FWHM diameter and 
will probably give the best STEM image. How- 
ever, the highest spatial resolution microanal- 
ysis will be achieved with the probe shown in 
Fig. 1(b), which is approximately Gaussian and 
has the smallest FWIM diameter. The objective 


The 
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FIG. 1.--Densitometer intensity profiles of electron probe of EM430T operating at 300 kV and 


STEM mode, spot size setting 5. (a) and (b) 50 um C2 aperture, different objective lens focusing 
{see text); (c) 100um C2 aperture. 


Ni Composition (wt%) 


Ni Composition (wt%) 
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FIG. 2.--TEM BF image of Fe-30wt%Ni alloy heat treated at 300 C for 370 days. Precipitate phase 
(v10 nm wide) has fcc structure, matrix has bec structure, 

FIG. 3.--Ni composition profile across precipitates in Fe-30wt%Ni specimen measured using EM430T 
AEM. Spatial resolution was not high enough to permit accurate composition measurement. 

FIG. 4.--Ni composition profile across one precipitate in Fe-30wt%Ni specimen measured with HB501 
STEM. 

FIG. 5.--TEM BF image of Fe-25wt%Ni alloy heat treated at 400 C for 362 days; fcc precipitates 
are about 50 to 100 nm wide. 
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Ni composition (wt%) 


TEMPERATURE (C°) 


WEIGHT PERCENT Ni 


lens focusing difference between the probe in 


Figs. l(a) and (b) is 200 nm. This situation 
has been predicted by theoretical calculations.’ 
This problem does not exist for the large probe 
size setting (such as probe size STEM 4 and the 
same C2 aperture). In this case, the Gaussian 
probe has the smallest FWHM and FWIM diameter, 
and hence is the best electron probe for both 
STEM imaging and microanalysis. 

The specimen thickness was estimated by the 
x-ray count method. A calibration curve of 
0-10keV x-ray counts per pA in a fixed time per- 
iod was measured for each AEM on an Fe-Ni speci- 
men.® The specimen thickness measured for the 
calibration curve was obtained by the EELS log- 
ratio method.” The specimen drift was con- 
trolled during the analysis by Link software 
that automatically corrected for specimen drift. 
The spatial resolutions were calculated from the 
known probe size and beam broadening parameters 
that were calculated from the single-scattering 
mode.*»*° The error bars on the composition 
profiles shown in this study are obtained by 
combining the standard deviation for both ele- 
ments at the 95% confidence level; i.e., 
2(ofe? + ony?) */? 


Ni composition (wt%) 


Distance (mm) 


FIG. 6.--Ni composition profile across one pre- 
cipitate in Fe-25%wtNi specimen measured with 
EM430T AEM. Spatial resolution of EM430T was 
high enough to measure composition of precipi- 
tates in this specimen. 

FIG, 7.--Ni composition profile of precipitate/ 
matrix interface in Fe-25wt%Ni specimen mea- 
sured with HB501 STEM. Result is consistent 
with those measured with EM430T. 

FIG, 8.--Current Fe-Ni phase diagram.?! Low- 
temperature portion (<400 C) was determined 
from iron meteorite data. ~- — indicates the 
measured Ni composition and error in this study. 


Results and Dtseusstion 


Figure 2 is a TEM BF image of an Fe-30wt%Ni 
alloy which was heat treated at 300 C for 370 
days and shows the morphology of the decomposed 
martensite structure. The intragranular pre- 
cipitates are about 10 nm wide. EDS x-ray anal- 
ysis was performed on regions near the edge of 
the specimen where no overlapping of the precip- 
itates was observed. The composition profiles 
across the precipitates measured with both the 
EM430T and the HBSO1 are shown in Figs. 3 and 
4, respectively. The specimen thickness of the 
regions where the two traces were measured was 
35 nm (Fig. 3) and 27 nm (Fig. 4), respectively. 
The calculated spatial resolution was ~7 nm for 
the EM 430T and ~2 nm for the HB501. The cal- 
culated spatial resolution of EM430T is about 
the same as the width of the precipitate phase. 
However, the actual spatial resolution is worse 
due to the geometry of the precipitate and the 
specimen drift. Therefore, the measured compo- 
sition of this specimen using the EM430T was 
not accurate. The VG STEM has a higher spatial 
resolution at the same analytical sensitivity 
level. Although the actual spatial resolution 
shown in Fig. 5 (.4 nm) is somewhat larger than 
the calculated value, it is still less than half 
the precipitate width. Therefore, the accuracy 
of the composition of this specimen measured by 
the VG STEM is limited only by analytical sensi- 
tivity. 


309 


Figure 5 is a TEM BF image of an Fe-25wt%Ni 
alloy which was heat treated at 400 C for 362 
days showing the precipitates formed in the 
original martensite lath boundaries. The pre- 
cipitates are about 50-100 nm wide. A Ni com- 
position profile across a precipitate measured 
using the EM430T is shown in Fig. 6. The spec- 
imen thickness in this region was 51 nm and the 
calculated spatial resolution was %8 nm. This 
spatial resolution should give an accurate mea- 
surement of the composition of this specimen, 
since the precipitate phase was much larger 
than the spatial resolution and no composition 
gradient was measured in matrix. This point is 
confirmed when the same specimen is measured by 
the VG STEM. Figure 7 shows such a VG STEM Ni 
composition profile of the specimen. The cal- 
culated spatial resolution of this measurement 
is 8 nm, although the step size in this mea- 
surement is much smaller. 

The measured precipitate and matrix composi- 
tions are shown in the current Fe-Ni phase dia- 
gram (Fig. 8). The low-temperature portion 
(<400 C) of this phase diagram was determined 
according to the analytical data of the iron 
meteorites.'! The 300 C data of this study 
seem to be on the boundaries of the miscibility 
gap. The Fe-Ni ordering observed in iron mete- 
orites was not observed in this alloy. It is 
possible that the high-Ni side of the miscibil- 
ity gap boundary is at v57wt%Ni at 300 C. The 
400 C data suggest that the proposed eutectoid 
temperature is above 400 C. The significant 
difference in matrix composition between the 
measured value and that predicted by the phase 
diagram has yet to be explained. Perhaps it is 
another metastable state of Fe-Ni alloy during 
the martensite decomposition. 


Coneluston 


Characterization of the instrument parame- 
ters that affect the spatial resolution is very 
important, especially for microanalysis at the 
top performance limit of the AEM instrument. 
The spatial resolution obtained is usually low- 
er than the theoretical value, especially in 
the thinnest regions of the specimen. However, 
the calculated value gives a good estimation 
considering the fact that many sources of error 
are not counted. 

The current Fe-Ni phase diagram determined 
from iron meteorite data needs to be revised 
with the addition of nonequilibrium features. 
In order to utilize the compositions measured 
through AEM microanalysis for phase diagram de- 
lineation, the spatial resolution and the ana- 
lytical sensitivity conditions must be well 
known. 
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SIMULTANEOUS EVALUATION OF WETGHT FACTORS AND k FACTORS FOR 
QUANTITATIVE X-RAY MICROANALYSIS OF THIN SPECIMENS 


ae 


Quantitative analyses of elemental content in 
thin specimens by x-ray energy-dispersive spec- 
troscopy (XEDS) in the transmission electron mi- 
croscope are commonly effected by the Cliff- 
Lorimer ratio approach or the Hall's peak-to- 
continuum normalization method.’** The former 
method is mainly used in metallurgy; the latter 
is favored in biology. These two methods re- 
quire accurate proportionality factors in order 
to convert the characteristic x-ray intensities 
Ta and Ip, to the concentrations of the ele- 
ments Cg and Cp. Nevertheless, both factors 
can be related as follows?®: 


Hall's Weight factor = Wy = Cg/(Ia/Ic) (1) 
Cliff-Lorimer k factor = 

kab = (Ca/Cb) (Ib/Ia) (2) 
Therefore, Wh = Wgkpa (3) 


where I, is the intensity of a fixed continuum 
region and Eq. (3) assumes that the Z? of the 
compositions of the two standards are not sig- 
nificantly different. This study evaluates the 
accuracy of the Wp and Wcg, which were deter- 
mined using standards. To accomplish this eval- 
uation, these factors were used to determine 
kpca, which was then compared to that measured 
from compounds of known stoichiometry, as well 
as that calculated theoretically. This proce- 
dure permitted an assessment of the reliability 
of applying theoretical k factors in Eq. (3) to 
calculate Wp. 


Method 


Preparations of Ca naphthenate and triphenyl- 
phosphine as absolute standards have been de- 
scribed previously.* Resin-embedded 
Cay» (POu}¢2(H,0) and CaHPO, were used as binary 
standards. Sections about 70 nm thick were 
analyzed on Cu grids. Analyses were performed 
with a JEOL 1200EX TEMSCAN operated at 80 kV, 
equipped with a Tracor-Northern Be window 
(Si(Li) detector and TN-5500 multichannel ana- 
lyzer. Spectra were processed and the theoret- 
ical k factor was calculated by the BIOQ program 
in the TN-5500. Correction and mass loss were 
minimal under the present conditions. 


Results 


Figure 1 shows the calibration curves of 
peak-to-continuum ratios vs concentrations for 
calcium and phosphorus. Three continuum re- 
gions were analyzed and compared. Table’l1 com- 
pares the weight factors determined from stan- 


The authors are at the E. M. Facility, Facul- 
ty of Health Sciences, McMaster University, 
Hamilton, Ont., Canada. 


Heng and G. T. Simon 


dards with those calculated from experimental 
and theoretical k factors. These k factors 
are listed in Table 2. 


TABLE 1.--Weight factors determined from stan- 
dards and from calculations based on experi- 
mental and theoretical k factors. 


Methods ntin i 
1,34-1.64keV 50-5 4.00-6.00keV 
Calcium 
A 186 2 203 +12 432 +123 
B 206 +12 210 £13 421 +26 
Cc 253 264 528 
Phosphorus 
A 275 218 280 +12 561 +20 
B 248 +15 271 +417 576 +35 
C 198 216 4593 


«Method A: Eqn(1) 
B: Eqn.(3) with [k]-Exp 
C: Eqn(3) with [k]-Theo 

Note that + values are curve-fitting errors 


TABLE 2.--kpcg factors determined from Ca-P 
compounds, Wp/Wc,, and theoretical calcula- 
tion. 


a-Ps W-P/W- BIOQ 
ntin i k 
1.34-1.64 4.50-5.50 4.00-6.00 
135 +008 148 +020 1438 +011 130 2012 106 
1 28s22 


141s 


*Ca-P compounds” **Ref.(3) «««Ref.(6)[5.5-6 SkeV] 
BIOQ = Tracor-Northern ‘BIOQ' program 


Coneluston 


All three continuum regions gave satisfac- 
tory results. However, the narrow window of the 
lowest region may be subjected to statistical 
errors. Weight factors of Ca and P measured 
from resin-embedded standards were proved to be 
accurate. The kpcg factor calculated from 
Eq. (3) agrees well with the same factor de- 
termined independently but under the same ana- 
lytical conditions. However, the theoretical 
kpcga factor deviated significantly from both 
experimental values. The theoretical factor 
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FIG. 1.--Calibration curve of (a) Ca, (b) P for Hall's method. 


was shown to be inaccurate for this particular 
analytical setup because the cross-calculated 
weight factors were significantly higher for Ca 
or lower for P compared with the experimental 
weight factors. Since extrapolation of weight 
factors fromonesknown factor is an indirect 
method, both known weight factor and k factor 
must be carefully assessed. 
necessary that at least two weight factors must 
be measured directly from standards. 
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LEACHED NUCLEAR WASTE GLASSES: 


ULTRAMICROTOMY AND ELECTRON 


MICROSCOPIC CHARACTERIZATION 


J. P. Bradley and J. K. Bates 


The containment of nuclear waste is a unique 
environmental problem because it requires a 
solution that remains technically valid on geo- 
logical time scales. One disposal method that 
has been proposed is to incorporate radionu- 
clides into borosilicate glasses followed by 
burial in a geological repository. Extensive 
experimental and computer modeling programs are 
in progress to evaluate the long-term stability 
of glasses in a terrestrial weathering environ- 
ment.222. In the experimental program,*» 

glasses are reacted in a closed system (for be- 
tween 3 and 1280 days) to simulate the effects 
of aqueous alteration (leaching). During leach- 
ing a layer of secondary phases, predominantly 
layer silicates, builds up on the glass surface. 
Determination of the mineralogy of leacher lay- 
ers is critical for evaluation of glass perfor- 
mance, but the layers are typically ultra-thin 
(1-50 um), poorly crystallized, friable coatings 
that have eluded detailed characterization. 
Using ultramicrotomy, we have successfully pre- 
pared electron transparent thin sections of the 
glasses plus leached layers with minimal dis- 
turbance of their indigenous properties. Analy- 
tical electron microscoscopy has been employed 
to study the compositions, microstructures, and 
mineralogy of the leached layers. The results 
provide new insight into the mechanisms of 
glass reaction in an aqueous environment, and 
their suitability as media for long-term nucle- 
ar waste storage. 


Sample Preparation 


Polished thick-flats of the reacted glasses 
were initially prepared for examination of the 
leached layers in a scanning electron micro- 
scope (SEM) (Fig. 1). An ultramicrotome was 
then employed to prepare electron-transparent 
thin sections (50-100 nm thick) of the glasses 
for characterization by an analytical electron 
microscope (AEM) (Figs. 2-5). The ultramicrot- 
omy procedure was developed specifically for 
preparation of thin sections of fine-grained 
geochemical specimens." Small fragments of the 
glass, together with the leached layer intact, 
were removed from a bulk specimen with a dia- 
mond blade. Care was taken to select fragments 
<100 um with as little unreacted glass as pos-~ 
sible in order to minimize fragmentation of the 
brittle glass during sectioning. The selected 
fragments were mounted in epoxy or acrylic res- 
in in an orientation that would yield cross- 


sectional slices of the leached layers and un- 
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reacted glass. Multiple sections of each sam- 
ple were cut and transferred to thin (<300K) 
carbon films supported on 3mm copper TEM 
grids. 


Results 


Polished thick flats of the glasses were ex- 
amined in an SEM to evaluate surface morphol- 
ogy, thickness, and degree of continuity of the 
reacted layers on the glass surface. Figure 1 
shows a backscattered electron micrograph of a 
thick-flat section of glass that had been re- 
acted in deionized water for 280 days. The 
thickness of the leached layer is of the order 
of 1 um, so that the amount of structural and 
chemical information that can be obtained from 
the leached layer in the SEM is limited by 
spatial resolution. Figure 2 is a bright-field 
transmission electron micrograph of the same 
glass as shown in Fig. 1. A dramatic improve- 
ment in detail can be observed directly in an 
electron transparent section, The leached lay- 
er contains a zigzagging "backbone" of amor- 
phous Fe-oxide. (In three dimensions this 
"backbone" forms a semicontinuous sheet over 
the surface of the reacted glass.) Layer sili- 
cates, predominantly smectite, cover both the 
upper and lower surfaces of the "backbone" 
(Figs. 2 and 3). 


To elucidate reaction trends, a series of 
glasses reacted over an extended period were 
examined to monitor the development of the 
leached layers with time. Figure 6 shows elec- 
tron micrographs of three different samples of 
the same glass reacted for 56, 91, and 280 
days, respectively. After 56 days, the leached 
layer is 0.2~-0.25 um thick and remains firmly 
attached to the unreacted glass (Fig. 6a). 

Iron has begun to segregate toward the center 
of the reacted layer, where it forms a dark 
stain. After 91 days, iron has developed into 
the well-defined iron oxide "backbone" at the 
center of the reacted layer (Fig. 6b). The un- 
reacted glass has retreated (by dissolution) 
away from the leached layer. The lower half of 
the leached layer retains textural (and compo- 
sitional) characteristics of the 56 day sample 
(Fig. 6b}, but the upper half is dominated by 
fibrous smectite. After 280 days, both the 
upper and lower sections of the leached layer 
are dominated by smectite (Fig. 6c). 

Compositional variations within this series 
of glasses were investigated by quantitative 
x-ray energy-dispersive spectrometry. A thin- 
film correction procedure was used for data 
reduction.° Thin-film standards were prepared 
by ultramicrotomy, by exactly the same proce- 
dures as those used for the glasses. Standards 
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FIG. 1.--Backscattered electron micrograph of polished thick-flat of borosilicate glass. Leached 
layer (LL) on glass surface is <1 um thick after 256 days. 

FIG. 2.--Brightfield image of thin section (%50 nm thick) of glass plus leached layer shown in 
FIG. 1. Leached layer contains iron oxide "backbone"! (arrowed) and layer silicates (LS), pre- 
dominantly smectite. 

FIG. 3.--Lattice fringe image of layer silicates (LS) shown in Fig. 2. Basal lattice spacings 
are between 1.0 and 1.2 nm. 

FIG. 4.--Precipitated U-Ti-O containing inclusions within leached layers of actinide-bearing 
glass. 

FIG. 5.--Zero loss, plasmon, and core scattering edges from a U-rich inclusion. (Specimen thick- 
ness 40-50 nm, accelerating voltage 400 keV.) 
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FIG. 6.--Brightfield electron micrographs of glass reacted for (a) 56 days, (b) 91 days, (c) 
280 days. After 56 days leached layer is noncrystaliline and firmly attached to unreacted glass 
substrate. After 91 days leached layer has segregated into three distinct structures, an upper 
smectite-rich layer, a central iron oxide "backbone," and a lower noncrystalline layer that re- 
mains morphologically similar to the 56-day sample. Leached layer is no longer attached to un- 
reacted glass. After 256 days both upper and lower regions of leached layer are dominated by 
smectite. 
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TABLE 1.--Compositions of reacted layers on glasses leached for 56, 91, and 280 days (Element 


wt.% normalized). 


1 2 =3 =. 2 =6* may ee 
Mg - 1.89 2.80 0.48 2.13 3.41 3.74 
Al 8.24 12.68 13.85 12.51 13.40 14.94 15.65 
Si 45.47 45.16 38.89 51.35 41.83 40.44 40.16 
Ca 2.83 1.94 0.58 2.89 0.22 0.29 Os22 
Ti 0.36 0.11 = 0.12 = = a 
Mn 1.10 6.84 9.61 5.20 8.61 8.87 8.92 
Fe 41.89 27.84 30.18 25.99 29.47 28.80 28.15 
Ni 0.13 3.54 4.10 1.48 4.35 3.25 3.26 


5 Bulk leached layer after 
26 Bulk leached layer after 
a Bulk leached layer after 


56 days (Fig. 6a) 
91 days (Fig. 6b) 
280 days (Fig. 6c) 


4. Lower portion of leached layer after 91 days (Fig. 6b) 
ae Upper portion of leached layer after 91 days (Fig. 6b) 
6. Lower portion of leached layer after 280 days (Fig. 6c). 
ae Upper portion of leached layer after 280 days (Fig. 6c). 


included Kakanui hornblende,® NIST thin-film 
glass SRM-2063, synthetic nickel silicate, 
Springwater olivine, and Johnstown pyroxene. 
Table 1 lists the compositions of the bulk 
glass and the reacted layers of the 56-, 91-, 
and 280-day samples shown in Fig. 6. (These 
analyses were obtained with a broad beam that 
encompassed the entire layer structures.) Mg 
and Ni are highly depleted (relative to the 
bulk glass) in the reacted layer at 56 days 
(column 1), but their abundances increase stead- 
ily thereafter (columns 2 and 3). Al and Mn 
also increase steadily; Fe fluctuates; and Si, 
Ca, and Ti decrease progressively from 56 
through 280 days (columns 1-3). 

Comparison of the compositions of the upper 
vs lower portions (i.e., above and below the 
"backbone'') of the reacted layers in the 91- 
and 280-day samples suggest that element abun- 
dances correlate with the observed structural 
features (columns 4 through 7). For example, 
Mg, Mn, Fe, and Ni increase with layer silicate 
formation in the upper portion of the 91-day 
sample, whereas Si and Ca abundances decrease 
(cf. columns 4 and 5). These compositional 
trends continue with time. After 280 days, the 
lower portion of the leached layer has convert- 
ed to layer silicates (Fig. 6c). As a result, 
Mg, Mn, and Ni abundances increase, and Si and 
Ca abundances decrease (cf. columns 4 and 6). 
At 280 days, both the appearance (Fig. 6c) and 
composition (Table 1, columns 6 and 7) of the 
upper and lower portion of the reacted layers 
are Similar. 
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The fate of actinides during leaching is 
also critical for evaluation of glass perfor- 
mance. A different borosilicate glass from 
that described was reacted for 1280 days. 

This glass contained uranium; Fig. 4 shows U- 
rich inclusions that have nucleated within the 
leached layer. Since the inclusions are amor- 
phous, it was not possible to identify a spe- 
cific mineral phase. X-ray energy-dispersive 
analyses and electron energy-loss spectroscopy 
indicated that the inclusions contain U, Ti, 
and O (Fig. 5). The mineral brannerite 
(UTi20¢) may be an analog for the inclusions.’ 


Discusston 


Despite the fragile nature and micrometer- 
scale thickness of the leached layers on boro- 
Silicate glasses, it is possible to prepare 
electron-transparent thin sections without ser- 
iously compromising indigenous microstructures 
or compositions. The sections enable acquisi- 
tion of lattice fringe images, and electron 
microdiffraction, and x-ray, and electron en- 
ergy loss spectroscopy (EELS), with optimum 
spatial resolution. Thin (<50 nm) sections 
are particularly useful for EELS applications, 
where they have enabled routine detection of 
light elements in heavy atom matrices (e.g., 

O in U). Analytical information derived from 
AEM studies, together with the (cation) concen- 
trations of solutions in contact with the 
glasses, can be used to determine mechanisms of 
aqueous alteration in a reactive environment. 
This mechanistic information is critical input 


for computer modeling programs designed to ex- 
trapolate glass stability over geological time 
scales, The observation of U-rich inclusions 
in the leached layers of an (actinide-bearing) 
glass indicates that uranium release was re- 
tarded by in situ precipitation. This observa- 
tion suggests that stable actinide compound 
formation may be a viable mechanism for retard- 
ing radionuclide release into the environment 
during weathering in a geological repository. 
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MICROSCOPY AND NANOANALYSIS OF A Cr-Mn AUSTENITIC STEEL 
a-BOMBARDED AT ROOM AND ELEVATED TEMPERATURE 


G. Valdré and E. Ruedl 


The structural materials for nearer-term fusion 
reactors such as ITER and DEMO will likely be 
steels. During their operation, the radiation 
damage in the structural components will become 
very complex since the damage is produced simul- 
taneously by high-energy neutrons, protons, and 
alpha particles. As long as no fusion device 
for material testing exists, data about the 
formation of radiation damage in candidate 
steels can only be obtained by simpler irradia- 
ting conditions such as by mixed energy spectra 
neutrons, protons, and/or alpha particles. The 
present work deals with a study of the Cr-Mn 
austenitic steel AMCR 0033, a material expected 
to produce less long-term waste than Ni-Cr 
steels. The steel was a-implanted, either at 
elevated temperature or at room temperature, 
and subsequently aged. 

The composition of AMCR 0033, supplied by 
Creusot-Loire, is given in wt% as follows: 


Fe Mn Cr Ni Si C 
71.2 17.5 10.4 0.09 0.53 0.11 
N Cu Mo S P 

0.20 0.02 0.01 0.005 0.018 


Solution-annealed samples 3 mm in diameter 
and 150 um thick were uniformly implanted with 
1000 appm He (displacement damage 0.2 dpa, 
displacement rate »107-® dpassec-!) in the Ispra 
cyclotron at 310 and 800 + 25 K (calibration by 
IR pyrometry). The samples implanted at low 
temperature were subsequently annealed at 773 K 
for 1000 h, at 973 K for 1h, and at 1073 K for 
100 h. The specimens were finally jet- 
electropolished for EM. 

A Philips EM 400T electron microscope equip- 
ped with a field-emission gun, a GATAN 607 
spectrometer for EELS, and an EDAX PV9900 system 
for EDS analysis as well as a JEOL 200 CX 
electron microscope were used. 

The quantitative EELS analyses were performed 
(in the form of elemental at% ratios) by means 
of the SIGMAK and SIGMAL! programs; the EDS 
analyses were made by means of the program EDAX 
PV9900 THIN. The probe diameter for both type 
of analyses was about 10 nm. 


Results and Dtscusston 


The various treatments lead to a different 
microstructural evolution in the Mn-Cr austen- 
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itic steel AMCR 0033. 

Samples a-implanted at room temperature and 
subsequently annealed at 773 K for 1000 h 
show the formation of small dislocation loops 
(Fig. 1). Post aging at 973 K for 1 h leads 
to the formation of Frank interstitial loops 
of regular shape (Fig. 2) without detectable 
compositional change in their neighborhood, 
except for a slight increase of Si. In these 
samples there is no evidence of the presence 
of He bubbles and of precipitates on the loops. 

Samples aged at 1073 K for 100 h show the 
presence of He bubbles whose surface is 
enriched with Cr, Mo, and N due to thermally 
induced phenomena (Figs. 3 and 4; Table 1). 


TABLE 1.--Elemental at% ratios from EDS 
analysis obtained from He bubbles and surround- 
ing matrix. 


Cr/Fe Mn/Fe Mo/Fe* Ni/Fe 
Bubbles 0.24 0.25 0.027 0.016 
Matrix 0.19 0.24 0.015 0.016 


*In region of enhanced Mo content. 


Samples a-implanted at 800425 K have devel- 
oped Frank interstitial loops of "petular" 
shape (Fig. 5) apparently hindered in their 
growth by obstacles. Within and adjacent to 
the loop plane a high number of He bubbles 
(<3 nm in diameter) are nucleated that affect 
the growth and shape of the loops (Fig. 6). 
EDS nanoanalysis shows enrichment of Fe and Si 
at the loops, whereas Mn and Cr are depleted 
as a consequence of radiation-induced segre- 
gation (Table 2). 


TABLE 2.--Elemental wt% from EDS analysis 
obtained from loops seen edge-on and the 
surrounding matrix showing enrichments of Fe 
and Si and depletion of Cr and Mn at the loops. 


Element Loops 1 Z > 4 Matrix 
Si 0.6 0.6 O.7 0.5 0.5 
Cr 1628 -T6.2> 16.1 -16.5 eB gee 
Mn O54. 9.6 9.8 9.8 10.4 
Fe Toa: F347 FSA. FSSA Als 


These compositional changes, except for Cr, 
are consistent with the microchemical changes 
observed in Fe-Mn-Cr alloys and steels at 
grain boundaries after electron irradiation?» 3 
and at voids after neutron irradiation." 

The implementation of morphological and 
structural investigations with microanalysis 
initiated some years ago°»® provides a more 
complete and deeper insight into the study of 


318 


mple o«-implanted at R.T. and annealed at 773 K for 1000 h. (a) Area showing presence 
of small loops. (b) zone near grain boundary denuded of loops. 
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FIG. 2.--Formation of smooth-edged Frank interstitial dislocation loops. Sample R.T. a-implanted 
and post aged at 973 K for 1 h. 


FIG. 3.--Sample a-implanted at R.T. and annealed at 1073 K for 100 h showing the presence of 
inter- and intragranular He bubbles. 
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FIG. 4.--EELS spectrum from intragranular He 
bubbles showing enrichment of Cr and N near 
surface. 


fusion materials and shows that improvement in 
the analytical spatial resolution leads to an 
increasingly complex radiation damage pattern 
for Cr-Mn steels, even for conditions simpler 
than those to be encountered in fusion reactor 
irradiation. 
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FIG. 5.--Sample a-implanted at 800 + 25 K. Formation of Frank interstitial loops "petular" in 
shape lying in foil plane or seen edge-on with a high density of He bubbles visible on them. 
Smaller number of slightly larger bubbles are also present in surrounding matrix. 

FIG. 6.--High-magnification image of sample of Fig. 5 demonstrating formation of He bubble 
colonies within (or adjacent to) loop plane of Frank interstitial loops. 
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CROSS-SECTIONAL EXAMINATION OF SURFACE LAYERS ON ELECTROPOLISHED THIN SPECIMENS 


Y. Wakaki, Y. Otsuka, Z. Horita, M. Nishimura, T. Sano, Y. Murata, and M. Nemoto 


Surface layers often develop during electropol- 
ishing for preparation of electron-transparent 
thin specimens.+7° Because most of the layers 
have compositions different from the bulk, ser- 
jous errors may arise in quantitative x-ray mi- 
croanalysis using the analytical electron mi- 
croscope (AEM), particularly at thin regions. 
To remove surface layers, ion beam sputtering 
was attempted, *~° but successful removal was 
reported only under well-controlled condi- 
tions.*+°» 

For an examination of the layer structure 
underlying the specimen surface, Auger electron 
spectroscopy (AES) has been used .°> However, 
if it is possible to obtain a thin cross sec- 
tion of the specimen, the layer structure can 
be revealed more directly through the observa- 
tion and microanalysis with the conventional 
transmission electron microscope (CTEM) and 
AEM. It was demonstrated that ultramicrotomy 
is a useful technique for obtaining such a thin 
cross section in metallic materials, although 
this technique is usually used for biological 
thin sections.’~*? 

This study examines the structure of surface 
layers produced during electropolishing for 
preparation of electron-transparent thin speci- 
mens. The observation and microanalysis are 
first conducted in plan view of as-electropol- 
ished specimens with the AEM and secondary ion 
mass spectrometer (SIMS). Then, ultramicrotomy 
is used to obtain thin cross sections of as- 
electropolished specimens. The cross-sectional 
observation and microanalysis are performed 
with the high-resolution CTEM and AEM. 


Expertmental 


Disks 3mm in diameter were punched from an 
Al-3.80wt%Cu sheet 0.06mm thick and were an- 
nealed at 813 K for 2 h under argon followed by 
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quenching in iced water. They were thinned 

for electron microscopy with the twin-jet elec- 
tropolishing technique. Two different electro- 
lytes were used: one was a mixture of 15% 
perchloric acid, 10% glycerol, and 75% ethanol 
(hereafter the specimen prepared in this elec- 
trolyte is called the PA specimen) and the 
other of 30% nitric acid and 70% methanol (the 
NA specimen). The former electrolyte was 
cooled by ice in water and the latter by dry 
ice in methanol upon their use. 

Observations and microanalyses in plan view 
of the specimens were conducted at the HVEM 
Laboratory of Kyushu University with a JEM- 
2000FX analytical electron microscope equipped 
with a Tracor Northern energy-dispersive 
Si(Li}) x-ray detector with a Be window. The 
microscope was operated at 200 kV. The charac- 
teristic x rays of Al Ka and Cu Ka lines were 
acquired at different thicknesses, normally by 
positioning the beam near the edge of the spec- 
imen and moving the beam toward regions away 
from the edge. . 

As-electropolished thin specimens were also 
subjected to surface analysis with a Hitachi 
IMA-2AS ion microanalyzer. The primary OF 
beam was 600 um in diameter and was placed on 
the specimen at an accelerating potential of 
13 kV and a beam current of 0.1 uA to monitor 
positive secondary ions. For comparison, bom- 
bardment by the 03 beam was also attempted on a 
disk polished mechanically (hereafter called 
MC specimen). 

For observations and microanalyses in cross- 
sectional view of the specimens, a Reichert- 
Nissel Ultracut N ultramicrotome at the TORAY 
Research Center was used to obtain thin cross 
sections. The procedure for preparing thin 
sections was essentially the same as that em- 
ployed by Furneaux et al.” An H-800 UHR elec- 
tron microscope and an HB501 analytical elec- 
tron microscope in the same research center 
were operated at 200 kV and 100 kV, respective- 
ly: the former was used for observations of 
structural variation near the specimen surface, 
the latter mainly for microanalyses of inter- 
est. The characteristic x-ray lines from 0, Al, 
and Cu were measured with a KEVEX ultrathin 
window (UTW) type energy-dispersive Si(Li) de- 
tector interfaced to the HB501. 


Results 


Figure 1 shows the results of x-ray micro- 
analyses obtained from the specimens in plan 
view. The intensity ratio Icy/Ia1 was plotted 
against the Al Ka intensity I,] and also the 
thickness t, converted from Ia}. The conver- 
sion utilized a linear relationship of 1A) vs 
t constructed by measuring t by the convergent 
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FIG. 1.--Plot of I¢y/Ia1 vs Igy (or t) for PA and NA specimens. 
FIG. 2.--Plot of Ic¢y/Iai vs time of OF bombardment for PA, NA, and MC specimens. 


beam electron diffraction (CBED) method!” at 
an immediate neighbor of the point of analysis 
in NA specimen. Since the application of the 
CBED method was limited to the thickness below 
v150 nm, the linear relationship was extended 
to larger thicknesses. This extension may be 
accepted because the absorption of the Al Ka 
line in the specimen is estimated to be small 
(v8% at 1 um). However, the extension may in- 
volve some error due to the presence of surface 
layers formed on the specimens. 

The results of Fig. 1 reveal that Icy/a, in- 
creases with a decrease in thickness for both 
PA and NA specimens, as observed by other in- 
vestigators.!~> However, the extent of the in- 
crease in I¢,/I,, is much greater for the PA 
specimen than the NA specimen. This result 
suggests that the PA specimen is more enriched 
with Cu on its surface. 

Figure 2 is the results monitoring the inten- 
sity of the secondary °*Cu*, Icu*. Here, Icy* 
was normalized by the total ion intensity I, 
which excluded I¢,*. It is seen that the pro- 
duction of °*Cu+ decreases with time of Of bom- 
bardment for the PA and NA specimens, whereas 
it is almost invariant with time for MC speci- 
men. This result indicates that a Cu-rich layer 
is present on the surfaces of the electropol- 
ished specimens and that the enrichment in Cu is 
more significant on the PA specimen than on the 
NA specimen. For the NA specimen, the produc- 
tion of °*Cut+ reaches the level of the MC spec- 
imen in 1 h, but for the PA specimen, it is 
well over the level of MC specimen even after 
2h bombardment with O%. This trend is similar 
to that of the x-ray microanalysis shown in Fig. 
de 

Figure 3 is an electron micrograph taken from 
a cross section of PA specimen. An electron 
beam of ~1 nm in diameter was positioned on 
four distinctive regions A to D in Fig. 3; the 
x-ray spectra obtained from these regions are 
shown in Figs. 4(A) to (D). Region A is com- 
posed of 0, Al, and a minor amount of Cu. This 
layer was susceptible to beam damage during ir- 
radiation, and the beam was therefore moved 


slowly to achieve continuous acquisition of 

x rays. In region B, the Cu peak is prominent. 
It is seen that this Cu rich layer consists of 
a number of particles. Region C contains O, 
Al, and some Cu as did region A, but no damage 
occurred during irradiation by a focused beam. 
When the beam was positioned from region C to 
region D, the peak heights of O and Cu relative 
to that of Al were lowered to the heights shown 
in Fig. 4(D) and no essential change in the 
relative peak heights was observed beyond re- 
gion D. Evidently, the spectrum from region D 
can represent the bulk of the specimen. The 0 
peak observed in the spectrum of region D may 
be due to the presence of an oxide layer formed 
on the surface of the ultramicrotomed thin sec- 
tion. The resuits shown in Figs. 3 and 4 are 
consistent with the surface observation by Mor- 
ris et al. in plan view using the scanning 
electronic microscope (SEM)*; that the Cu-rich 
particles present in the oxide surface layer 

on an Al-4%Cu specimen polished in an electro- 
lyte were similar to those in the present PA 
specimen. 

A cross-sectional observation of NA specimen 
in Fig. 5 reveals that there are two types of 
surfaces: one is smooth as the left side in 
Fig. 5 and the other is complex as the right 
side. Figures 6(E) to (H) are the x-ray spec- 
tra obtained from regions E to H in Fig. 5, 
respectively. A comparison between the spectra 
from regions E and F indicates that there ex- 
ists a layer enriched by Cu and 0. The thick- 
ness of the layer is found to be ~5-10 nm. 
Particles observed in region G are rich in Cu. 
These particles appear to form in the same way 
as the Cu-rich particles of region B in Fig. 4, 
although the size is small for those in region 
G. Region H exhibits the x-ray spectrum simi- 
lar to region C in Fig. 4. Thus, the spectra 
from regions G and H suggest that the surface 
observed in the right side of Fig. 5 develops 
by the same mechanism as that in PA specimen. 

Figure 7 shows a cross section of the MC 
specimen. The surface is irregular because the 
specimen was subjected to mechanical abrasion. 
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Figures 8(1) and (J) are the x-ray spectra from 
regions I and J in Fig. 7, respectively. The O 
peak is large in region I when compared with 
region J, which shows that an oxide layer ex- 
ists on the MC specimen. However, no Cu-rich 
layers (or particles) were observed on this 
specimen. 


Summary and Coneluston 


Plan view analysis with the AEM and SIMS 
showed that a Cu-rich layer is present on both 
PA and NA specimens: the layer on the PA spec- 
imen is thicker than that on the NA specimen. 
This result was demonstrated more clearly by 
cross-sectional observations and microanalysis 
using high-resolution CTEM and AEM. The layer 
thickness was found to be %50 nm for the PA 
specimen and 5110 nm for the NA specimen. 

Ultramicrotomy was shown to be useful for 
an examination of the layer structure underly- 
ing the specimen surface. No Cu-rich layers 
on the MC specimen suggest that ultramicrotomed 
thin sections can be suitable for microanalysis 
with the AEM compared with electropolished thin 
specimens. 
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QUANTITATIVE ALCHEMI WITH ERROR ANALYSIS 


Cc. J. Rossouw, P. S. Turner, T. J. White, and A. J. O'Connor 


The ALCHEMI technique for determining the site 
distribution fj, of impurity elements 

p (Sh...) on Host element lattice sites 

i ( = 1...1) is well known:? Changes in x-ray 
emission from host atoms and in, .rities with 
crystal orientation are monitored under strong 
planar or axial diffraction conditions, and fip 
is derived via a ratio method.? However, ratio 
analysis involves count ratios (and ratios of 
ratios), leading to severe error amplifica- 
tion. Neglect of delocalization leads to fur- 
ther error.3 


Theory 


To overcome these inherent errors in the 
standard ALCHEMI method, we make the single as- 
sumption that the impurity count Np> for each 
of the spectra s = 1...m may be written as a 
linear combination of the host atom counts N35: 


(1) 


where the coefficients oj; and their errors are 
determined by multivariate analysis.*?° For m 

separate EDX spectra and v = I.P fitted param- 

eters a; (i = 1 to v), the criterion v < m must 
be satisfied to give m - v degrees of freedom. 

The p th impurity atom concentration Cy and the 
distribution fip may be obtained from the coef- 
ficients ip! 


b Dy =, Ai Sip a 
ie A GJ ke) 


q-1,F 


(2) 


where n, is the number of host atoms of type i 
per unit cell, and kj, the k-factor ratio 
ki/kp for host atoms 1 and impurity atoms p. 
The fractional partition fip of the impurity p 
onto site is given by 


Nn; Qin 


Pg (3) 
ap > / 
CO. Ke Ee a. io) 
RP ip g-1,P 1g IQ 
Uncertainties in both these quantities c, and 
fip are derived from standard deviations ip 


yielded by the multivariate analysis." 
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Results and Diseusston 


Diffraction patterns and the projected crys- 
tal structure of the spinel CroMnO, for <100>, 
<310>, and <211> zone axes are shown in Fig. 1 
(120keV electrons at 300 K and thickness of 
about 48 nm). In projection, each site is dis- 
tinguishable along these zone axes. Iron im- 
purities partition onto both Cr and Mn sites as 
Fe2* or Fe5*, Table 1 gives a summary of the 
site distribution obtained for each axial or- 
ientation from the theory described above. 

Note the improvement in error when all 49 spec- 
tra from each zone axis are subjected simul- 
taneously to multivariate analysis. 

When analyzed by the alternative "ratio" 
technique, 9 spectra had to be rejected as the 
partitioning was greater than or less than 
unity. Remaining spectra give 72 + 12% parti- 
tioning’ onto Cr sites. Multivariate analysis, 
for the same data set and no data rejection, 
gives the partitioning onto Cr sites as 69 + 
1.5% as well as a concentration of 10.4 + 0.2%. 

Figure 2 shows the fit of ZojpNiS to NpS; 
the linear behavior confirms the validity of 
the model for multivariate analysis. This ap- 
proach yields impurity concentration as well as 
site distribution and quantitative uncertain- 
ties smaller than those obtained by ratio anal- 
ysis. In addition, multivariate analysis is 
less sensitive to delocalization effects and 
numerical error propagation than the ratio 
technique. No data points are rejected, and an 
objective assessment of the model and errors is 
given in the standard deviations returned. The 
ratio method is similar to multivariate analy- 
sis with no degrees of freedom, given that the 
number of spectra necessary for analysis is 
equal to the number of distinguishable sites. 
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FIG. 1.--Zone axis diffraction patterns and projected structures for spinel. 
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TABLE 1.--Site distributions obtained from individual zone axes, analysis of all data, and com- 
parison with ratio ALCHEMI analysis. 
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FIG, 2.--Fit of Npe to 4cyNcr + OmMnNMn for all 
<100>, <310>, and <211> zone axis data. 
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EVOLUTIONARY DEVELOPMENTS IN X-RAY AND ELECTRON ENERGY LOSS MICROANALYSIS 
INSTRUMENTATION FOR THE ANALYTICAL ELECTRON MICROSCOPE 


N. J. Zaluzec 


: ‘ : e 3mm /200 micron 
Developments in instrumentation for both x-ray Molybdenum 
energy dispersive and electron energy loss spec- Aperture 


troscopy (XEDS/EELS) over the past 10 years 

have given the experimentalist a greatly en- 
hanced set of analytical tools for characteriza- 
tion. Microanalysts have waited nearly two dec- 
ades for a true analytical microscope and the 
development of 300-400kV instruments should 
have allowed us to attain this goal. Unfortu- 
nately, that has not generally been the case. 
There have been some major improvements in the 
techniques, but there has also been some de-ev- 
olution in the modern AEM. 


In XEDS, the majority of today's instruments Chromium 
are still plagued by the hole count effect, Evaporated 
which was first described in detail over 15 cae 


years ago. The magnitude of this problem can 
still reach the 20% level for medium atomic 
number species in a conventional off-the-shelf 
intermediate-voltage AEM. This is an absurd 
situation and the manufacturers should be se- 
verely criticized. However, part of the blame 
also rests on the AEM community for not having 4000.00 
come up with a universally agreed-upon standard 
test procedure. Fortunately, one is in the 
early stages of refinement. The proposed test 
specimen’ consists of an evaporated Cr film 
1500-1000 R thick supported on a 3mm-diameter 2400.00 
molybdenum 200um aperture. The Cr film is 

mounted so that it partially covers the 200um 

hole (Fig. 1). This specimen provides (1) a 1600.00 
means of checking the detector and collimator 
alignment by x-ray mapping of the aperture, (2) 
hole-count measurements with a "thin" Cr film 
and "bulk" Mo signal, (3) peak/background eval- 
uation with the Cr Ka line, (4) background 0.00 
shape evaluations by comparison with the theo- 
retical bremsstrahlung shape, (5) a nominal en- 
ergy resolution at the FWHM of the Cr Ka line, 
(6) a measure of near peak incomplete charge 
collection by a comparison of FWTM and FWHM 
measurements, (7) a measure of the relative col- 499. 
lection efficiency of the particular detector 

if each film is calibrated at the supplier in- 
stitution and the testing site can measure in- 300. 
cident beam current, and (8) a nominal measure 

of the energy resolution of any electron spec- 
trometer by a study of the Cr L;/L, edge pro- 206. 
file. The specimen was designed to maximize 
any possible hole-count signal rather than min- 
jmize it. Thus, it is equally unfair to all 
manufacturers! When used as a hole-count test 


FIG. 1.--Proposed AEM/XEDS test specimen con- 
sisting of 500-1000R thick evaporated Cr film 
supported on top of standard 3mm/200um molyb- 
denum aperture. 
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FIG. 3.--Experimental hole count information 
available from test specimen: (a) Cr and Cr- 
hole count/nA is used to identify source of un- 
collimated radiation, (b) magnitude of hole 
count signal is monitored by ratio of Mo-hole 
to Cr specimen intensity. 
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FIG. 4.--Experimental increase in peak/back- 
ground ratio with accelerating voltage. 


specimen, typical spectra (Fig. 2) would yield 
a Cr K x-ray series from the film, and Mo K and 
Mo L x-ray line series from uncollimated radia- 
tion striking and exciting emission from the 
aperture. When the electron beam is directed 
into the uncovered "hole," virtually no Cr sig- 
nal is detected. However, a significant x-ray 
spectrum is still measured, which is due to un- 
collimated fluorescing radiation generated in 
the probe-forming system of the microscope. 
Figure 3(a) shows an example as a plot of the 
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FIG, 5.--Calculated efficiency for windowless 
Si(Li) and HP Ge XEDS detectors. 
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FIG, 6.--Calculated displacement cross sections 
in Si and Ge by electrons. 


Cr/nA and Cr-hole/nA signals as a function of 
voltage from 50 to 300 kV. We see that the 
functional dependence of the Cr-hole count/nA 
on voltage is not the same as that of the Cr 
film signal. The Cr film signal follows a typ- 
ical electron-excited cross-section dependence, 
whereas the Cr-hole signal increases monotoni- 
cally with voltage, which suggests x-ray exci- 
tation generated in the condenser aperture sys-~ 
tem of the AEM as the probable source. In Fig. 
3(b) we plot the Mo K and Cr hole intensity |; 


ool 


800 


Calculated Transmission Characteristics 
for Various Ultrathin Windows 


Pyrolene N @1000A 


Relative Transmisston 


—@—Diamond Like C @ 04 um 
—@—Aluminium @ 1000A 


o+0e=B-90,N-9,H 1 @ 025 pm 


0 200 400 600 


Photon Energy (eV) 


800 


FIG. 7.--Calculated transmission efficiency of 
ultra thin windows of pyrolene (p =1.11 gm/cm%), 
diamond-like carbon (p = 3.5), aluminum 

(ep = 2.7}, and boron compound (p = 1.4). 


measured when the electron beam is off the Cr 
film and in the "hole'' of the aperture and ra- 
tio this to the Cr intensity measured with the 
beam on the film. As can be seen the Mo signal 
increases with voltage and from 200 kV and 
higher actually exceeds the signal produced by 
the electron beam hitting the Cr film! The ex- 
istence of the hole count is a situation that 
can be cured by redesign of the instrument; 
however, that will not happen until sufficient 
numbers of analytical microscopists demand it, 
using a reproducible test specimen and proce- 
dure. 

On the quantitative side, after corrections 
for the hole count, we understand the effects 
of the higher voltage on the intensity varia- 
tion and hence to quantification.? K-factor 
calculations can be made generally to better 
than a +10% relative error level, and for lim- 
ited ranges of atomic nubmers to less than 2%. 
The predictions by many authors as to the theo- 
retical increase in the peak/background ratio 
with accelerating voltage have been realized 
(an example is shown in Fig. 4) and hence the 
predicted increased mass sensitivity of x-ray 
analysis with voltage in the AEM has been re- 
alized. 

Windowless x-ray detector systems have opened 
up the low-energy light-element regime to the 
x-ray analyst (Fig. 5); however, spectral over- 
laps are a recurring problem in complex systems. 
The HPGe systems have extended the accessible 
high-energy x-ray analysis regime above 40 kV 
(Fig. 5), which permits us to study higher ener- 
gy lines that were impractical with Si(Li) de- 
tectors. The energy resolution of Ge detectors 
is generally better than that of Si(Li) detec- 
tors, but if they are to make a substantial im- 
pact on the low-energy regime, attention must 
also be paid to the Ge dead layer absorption 
problem at 1.3 keV (Fig. 5). This problem 
could also have an adverse effect on quantita- 
tive analysis, as it will greatly affect the 
accuracy of k-factor calculations owing to the 
errors in the detector efficiency calculations 
it could introduce. On the positive side, due 


to its higher atomic number, germanium is less 
prone to electron displacement damage. Figure 
6 is a plot of the estimated upper and lower 
limits of the calculated displacement cross 
section by electrons in both Si and Ge. As 
can be seen the Ge threshold is approximately 
400 kV; hence in any modern medium-voltage in- 
struments operating below 400 kV the Ge detec- 
tors should be nearly invulnerable (except of 
course to the inexperienced opeator or stu- 
dent). 

Recently various new windows for XEDS sys- 
tems have been developed in which diamond-like 
carbon and/or boron compounds are used that 


1999 (in contrast to Pyrolene N or ultrathin Al) can 


withstand atmospheric pressure. In choosing 
such a window it is essential that one appre- 
ciates their transmission characteristics, par- 
ticularly in the presence of severe absorption 
edge effects. Figure 7 shows the calculated 
transmission curve of these windows, which must 
be multiplied by the values in Fig. 5 to yield 
the relative detector efficiency curve. The 
important point evident from this figure is 
that not all ultrathin windows are the same. 
For example, the severe absorption edge at car- 
bon makes it difficult for diamond-type win- 
dows significantly to detect nitrogen. Pyro- 
lene still appears to be the best window from 
the efficiency standpoint, although it cannot 
withstand the differential pressure of 1 at. 

In the future, wavelength-dispersive systems 
may yet return to the AEM, but in which role 
they will participate is an open question. 
Overcoming the serial acquisition mode will be 
essential to making it a practical methodology. 
At present proposals at Lehigh University and 
Argonne National Laboratory seek to address 
these issues in the near future. 

EELS has grown tremendously in the past five 
years. The major contributing factor is the 
successful commercialization of instrumentation 
for both serial and parallel data acquisition. 
The advent of higher-voltage AEMs has not af- 
fected the methodology adversely; in fact, the 
new medium-voltage systems have helped overcome 
multiple scattering effects. Spectral energy 
resolution has increased ten-fold in the past 
15 years. We are now at the point where the 
energy width of the sources limits the perfor- 
mance of spectrometers, and values as low as 
0.3 eV for field-emission sources are attain- 
able. Photodiode and CCD arrays have made par- 
allel EELS systems into viable analytical de- 
vices. No longer strapped by the time required 
to record serial data, we can expect signifi- 
cant results from these systems in the next few 
years; the quality of EELS data being produced 
now rivals that of synchrotron sources. Time- 
resolved EEL spectroscopy on commercial in- 
struments has reached the millisecond regime 
and is down to the 10us range on research- 
grade instruments. On the horizon we should 
expect the development of two-dimensional im- 
aging systems in which a magnetic sector spec- 
trometer is followed by a series of multiple 
quadrupoles and sextupoles and large-area CCD 
arrays, providing energy-filtered imaging and 
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diffraction capabilities on all AEMs. Another 
likely area to see development in EELS is 
ultra-high energy resolution spectroscopy for 
applications in the meV regime. We may see the 
development of instruments with both prespeci- 
men spectrometers to monochromate the incident 
electron probe, followed by high-resolution 
postspecimen spectrometers that will allow the 
materials scientist/physicist to explore the 
interesting physics and information now hidden 
in the ultralow-energy loss regime. 
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9 
Electron Crystallography 


STACKING FAULTS IN THE a-AlMnSi CUBIC PHASE 


S. J. Andersen, Y. X. Guo, and Ragnvald Hgier 


Owing to its strong relationship with the ico- 
sahedral quasicrystal (IQ) of a similar compo- 
sition, the a-AlMnSi phase has been studied ex- 
tensively in recent years. Its structure is 
largely described as a stacking of icosahedral 
atomic clusters, called MacKay Icosahedra 
(MIs). The IQ is believed to be constructed of 
a complicated, aperiodic stacking of similar 
clusters, held together by so-called "glue" 
atoms. The IQ may transform to the a-phase or 
to other phases containing icosahedral clus- 
ters, which indicates that such units are quite 
stable; yet there are few if any reports on the 
implications that such stability could have. 

We present a study of a stacking fault and the 
combination of such faults in a triple junction 
in the a phase, with displacements of the type 
a<1t0>/2t?, which has its origin with these 


clusters. Here a is the cube edge and Tt = 
2 cos 36° = 4(1 + V5) is the irrational number 


called the golden mean. The model we propose 
is found to be in very good agreement with the 
experimental results. 


Expertmental 


Materials were prepared by the well-known 
melt-spinning technique. A conventional 6061 
aluminum alloy, to which %20% of AlgoMn2s5CreSi7* 
had been added to produce reasonably stable 
IQs in the 6061 matrix, was induction heated in 
a graphite crucible under argon atmostphere. A 
Cu wheel 200 mm in diameter was used at 2000 
rpm. This produced a thin metal ribbon that as- 
quenched contained a dispersion of small IQs. 
Some ribbons were heat-treated at 450 C for 12 
h. Specimens for the transmission electron 
microscope (TEM) were prepared by jet polishing 
at -25 C in an electrolyte of 33% vol. of HNO; 
in methanol. The specimens were investigated in 
a Philips EM 400T and a Philips CM30 TEM. 


Results 


The building block (MI) of the a phase (Fig. 
1) consists of an inner Al-icosahedron surround- 
ed by a Mn-icosahedron nearly twice as large. 
Just outside the thirty (2-fold) edges of the 
latter, there is a shell of thirty more 


Al-atoms. In the present case, Si and Cr 
atoms substitute some Al and Mn _ sites, 
respectively. This process is seen to equalize 


the clusters at the vertex and body center and 
produces a bec phase of a = 12.68 A. (The 
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pure a-AlMnSi version has a primitive cubic, 
nearly bcc structure.} Figure 2 illustrates 
the stacking of the a phase by these clusters, 
with the 'glue'’ atoms neglected.?’% In the 
following the a phase is represented by MIs 
drawn to the size of Mn-icosahedra, as in 
Fig. 2. Eight of the 20 triangular faces of 
the MIs have normals lying along the <111> 
directions. These faces are the bonding faces 
between MIs in the a phase. The remaining 12 
faces of an MI have all normals pointing in 
incommensurate directions with respect to the 
cubic lattice. One example is 
é, = [-12,1,0]/t”Y3. All twelve 5-fold axes of 
the MIs point in directions found by cycling 
the vector [+1t,0,+1]. Since t is irrational, 
all 5-fold axes are also incommensurately 
directed. Figure 3 shows a <001> zone of the 
a phase. We have found that faults like the 
one observed in this figure are present for 
various compositions of this phase, i.e., with 
or without additions of Cr and Si. The fault 
boundary typically lies in a <110> plane. 
Careful measurements on such micrographs have 
revealed that the displacement along the bound- 
ary must be close to 3di10- In addition, an 
expansive displacement normal to the fault 
is experimentally found to be 0.08dii0. 
The total displacement is found to be 0.36, 
in fraction of the edge. This fault is ex- 
plained as follows: First, take each white 
spot of Fig. 3 to represent an MI, as visual- 
ized in Fig. 4. Here the <111> faces are in- 
dicated by smaller triangles. Two layers of 
MIs are shown. The lower layer has solid 
filled triangles and the upper layer has small 
open triangles on <1ll> faces. In the perfect 
bonding situation, hidden faces beZow unfilled 
triangles in the upper layer connect to faces 
marked with filled triangles in the lower layer 
(bonding between I-type faces). Notice that 
the four Vertical II-type faces of each Mi have 
normals (3-fold axes) that lie in the paper 
plane. A stacking fault boundary shift dis- 
torts the bonding pattern. Across the fault 
boundary the bonds now exist only between pairs 
of faces of type II instead of I. The distance 
between pairs of type I and II are the same. 
However, there is an accompanying small in- 
crease in volume due to the fault. 

In effect, this situation is as follows. 
Cleave the crystal along a (buckled) 110 
plane without destroying any MIs. Then trans- 
late one of the halves along one 5-fold axis 
of the MIs until 3-fold axes across the fault 
coincide (Fig. 4). In the example shown an MI 
at position (000) with I-type bonds is moved 
in the [001] plane to connect to an MI at posi- 
tion (100), to its [-1?7,1,0] plane. The geo- 
metrically perfect total displacement is then 
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Mn~icosehedron 


ye 


FIG. 1.--MI of a phase shown with Al and Mn icosahedra and shell of 30 Al atoms just outside 


2-fold Mn icosahedron edges. 


FIG. 2.--Visualization of a phase as packing of Mn icosahedra. 


simply a([100] + 4/3@,), or a[1t0]/21t?. (The 
length of the MI separation distance along a 
diagonal is jaV3, where a is the bec edge.) 
The shift may be decomposed into dji9/2 along 
the fault (i.e., along [110]), plus di10/2t° 
normal to the fault.* A similar fault is found 
in the cubic R-phase of the Al-Li-Cu alloy.° 

A more complicated case is shown in Fig. 5, 
which is a high-resolution micrograph of a junc- 
tion of three o grains. The displacements in 
this junction may be understood according to 
the same mechanism as above (Figs. 6 and 7). 
In Fig. 6 the relative shift directions are 
shown for the case of a [111] plane. We now 
see the decomposition of the shift along the 
<211> and <110> directions. The three shifts 
(Figs. 6 and 7) are determined to be a[t01]/2t’, 
a[Olt]/2t?, and a[1t0]/2t*. In Fig. 7 the 
small filled triangles on the triangular sides 
of each icosahedron indicate the bonding faces. 
The lower bonding faces of the icosahedron lie 
below faces without the small filled triangles. 
The stacking sequence is ..ABCABC..; the 
bonds are indicated in the figure. Across the 
fault the stacking sequence has been interrupt- 
ed to include bonding along 3-fold axes that 
are not commensurate with the lattice. One 
could say that this is a junction of three in- 
dividual crystals connected through irrational 
directions. In a bec phase there are six lay- 
ers crossing one cell diagonal. The distance 
between two adjacent layers is therefore dii1/2. 
With respect to one of the individuals, the 
other two are shifted to an equal distance, 
di1i/2, along the <111> axis in opposite direc- 
tions, which brings three icosahedra of type A 
(Fig. 7) closer together to the center. It is 
obvious that the unusual shift boundary de- 
scribed here is strong evidence for the stabil- 
ity of the MI clusters, which can be thought of 
as solid building blocks of the a phase. The 
shift boundary is found to lie on (110) planes, 
which are the most common glide planes in a bcc 
phase. A dislocation on such a glide plane will 
have a Burger's vector a<lll>/2. As inferred 
from the above, it is not possible to explain 


the shift by such a Burger's vector, since the 
latter is 3 times the shift component observed 
along a <11l1> direction. 

One might ask whether these stacking faults 
could play any part in the structure of the IQ. 
Since an IQ is believed to be realized through 
some subtle stacking of the MI, and since MIs 
are allowed to connect along any of their in- 
ternal 3-fold axes, this question could indeed 
be important. One could imagine the IQ as pro- 
duced by a more or less ordered stacking-fault 
mechanism. We believe that these stacking 
faults are a direct result of the transforma- 
tion of the 1Q. The IQ and the a phase have 
strong directional relationships ,°?’ so that 
all <11ll> and <110> axes of the a phase fall 
exactly along some 3- and 2-fold axes of the 
IQ. The bec phase can choose between 5 inde- 
pendent, relatively incommensurate base systems 
when it transforms from the IQ. When two such 
growth fronts meet, even with identical bases 
originating from the parent IQ, they nucleate 
at different positions and would be expected to 
produce some boundary faults. 


Conelustons 


A stacking fault in the bcc a-AlMnSi phase 
is found that cannot be explained by ordinary 
rational displacements of atoms or planes. It 
is shown that an irrational shift must exist 
across the boundary. A model is proposed that 
is found to be in good agreement with the ex- 
perimental results. This model is extended to 
explain the relative shifts between individual 
grains in a triple junction. The results con- 
firm the assumption that the MacKay icosahedra 
in the a phase are quite stable, and that they 
can have similar bonding properties in all 
twenty 3-fold directions and not only in the 
<lll> directions. We have found that shift 
vectors associated with the faults discussed 
are always directed in one of the 12 internal 
5-fold directions of the MI; i.e., of the type 
a<l1tO>/21?,. In the triple-junction case, if a 
[111] axis is chosen as common, the three 
individual parts are shifted cyclically, with 
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total displacements a[t01]/2t?, a[Qlc]/2t?, and 
af110]/2t?. 
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LACBED WITH QUANTITATIVE ANOMALOUS ABSORPTION CORRECTIONS 


C. J. Rossouw, P. R. Miller, and L. J. Allen 


Although Fourier coefficients Vg' for the ab- 
sorptive potential due to thermal diffuse scat- 
tering (TDS) do not scale with elastic values 
Vg,'~ ‘it has been common practice to set Vg" = 
aVg with a value 0.02-0.1 assigned to the phe- 
nomenological factor o. However, recent work® 
has demonstrated why the a-model is inappropri- 
ate. It is preferable to describe absorption 
via an Einstein model for TDS*~? by an imagi- 
nary component in the terms 
2 


=e 
Ve = th: 2nmv 


[site] 


- {f,,(g - h) + ifp te - J (1) 


where Vg_p is now the Fourier coefficient of 
the total scattering potential, fgn(g - h) the 
(thermally attenuated) atomic elastic scatter-~ 
ing factors, and 


(site] = 2 
gn 


where ten are the n sites of atom type 8 in the 
unit cell. The TDS absorptive component 


fen'(g - h) is 


exp{i(g - h)-t} (2) 


; _ k 
a a aia 
277 Tv 
- { dg [48 sin 6 £,(q + g) £,(q + h) [TDS] 


(3) 


where integration occurs over 4n steradians, 
and [TDS] describes coupled transitions between 
reciprocal lattice vectors g and h by 


[TDS] = [exp{-M(g - h)} 
- exp{-M(q + g) - M(q + h}] 


where M(g) = 0.5g?<Ugn?> is the Debye-Waller 
factor. Eigenanalysis routines enable calcula- 
tion of diffracted beam intensities with absorp- 
tion included via perturbative or exact matrix 
methods.°?° 


(4) 


Results 


Figures l(a) and (b) show kinematic mean 
free paths (mfp) Ayin for TDS as a function of 
temperature T and incident beam energy Eo for 
silicon and GaAs , derived from appropriate Debye 
temperatures @p.'?'° At 300 keV and 300 K, Axin 
is 1195 and 217 nm for Si and GaAs, respective- 
ly. An identical \-value for the proportional 
model is obtained for GaAs with a = 0.0244. 
The elastic potential V(r) is compared with the 
Einstein potential V'(r) in Figs. 1(c) and (d). 


C. J. Rossouw and P. R. Miller are at CSIRO, 
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The full-width half-maximum of the TDS poten- 
tial associated with each atomic site is 
roughly 4 times broader than <u?>, the rms 
thermal displacement of individual atoms,* and 
is highly localized about atomic sites with 
negligible values within empty crystal chan- 
nels. 

Figure 2 shows experimental and calculated 
<001> LACBEDs for silicon and GaAs. Differ- 
ences within the central region for GaAs com- 
pared with Si are caused by the presence of 
Brillouin zone (BZ) boundaries due to addi- 
tional {200} difference reflections. Concen- 
tric ring contrast occurs within the first 
{220} BZ boundaries for Si. GaAs exhibits a 
large increase in absorption near the exact 
zone axis orientation and is not thick enough 
for concentric ring contrast to be distinguish- 
able within the {200} BZ boundaries. Correla- 
tion between experiment and theory for Si is 
excellent, particularly in regions of strong 
contrast where {220}, {400}, and {660} BZ 
boundaries intersect. There is some nonuni- 
formity in crystal thickness, as evidenced by 
some distortion in the experimental contrast. 

A comparison of experimental and calculated 
<111> LACBEDs for silicon and GaAs is shown 
in Fig. 3(a)-(d). Similar contrast is apparent 
for silicon and GaAs, since both crystals have 
diffracted beams with identical indices excited 
in the zeroth order Laue zone. Far stronger 
absorption within the {220} channels occurs for 
GaAs than for Si. 

Figures 3(e) and (f) compare changed in 
Adyn, the dynamical mfp, shown in terms of 
Akin/Adyn. These patterns are similar to 
those which map out fast electron probability 
density $¢* on atomic species as a function of 
orientation, which is in turn related by reci- 
procity to the generation of Kikuchi band con- 
trast from ocalized inelastic scattering 
events.?! At very specific orientations, dy- 
namical diffraction causes a severe decrease 
in localized inelastic scattering cross sec- 
tions compared with kinematic values, in con- 
trast to an increase in cross section at or 
close to a symmetrical zone axis orientation. 
This decrease is associated with orientations 
which force 6>* to be peaked within empty crys- 
tal channels between atom positions, as opposed 
to exact zone axis orientations where $$* is 
predominantly superimposed on atomic columns. 
Adyn varies between 287 nm and 4135 nm for Si, 
and between 117 nm and 660 nm for GaAs. The 
dynamical mean free path may be increased by a 
factor of 4 in comparison with the kinematic 
(plane wave) result. 

Calculations based on the Einstein and a- 
models are correlated in Fig. 4 with a densi- 
tometer line traces from the zeroth order beam 
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FIG. 1.--Appg for (a) Si, (b) GaAs for T = 0 K (dashed line) and 300 K (solid line) as a function 


of incident beam energy. 


Elastic (dashed) and TDS (solid) potentials along <1l1> for Ep = 


3500 


keV and T = 300 K is shown in (c) for silicon and in (d) for GaAs. 


LACBED intensity, traced between positions X 
and Y as marked in Figs. 2(b) and 3(b). Note 
the lack of correlation produced by the o model, 
whereas overall agreement between the Einstein 
model and experiment is good. For the <001> 
zone, an increase in transmitted intensity is 
apparent between the 2nd and 4th {200} BZ 
boundary due to a sharp increase in Agyn. This 
result is predicted by the Einstein model but 
not by the a model. The same phenomenon occurs 
betwen the 2nd and 4th {220} BZ boundary for 
the <lll1> zone. 


Dtseusston 


The Einstein model for TDS enables mean and 
anomalous absorption coefficients on different 
Bloch wave dispersion surfaces to be determined 
from first principles.°>? Diffraction contrast 
is defined solely by the Debye-Waller factor 
for each crystal atom; there are no open param- 
eters in the formalism. We have shown that the 
a model cannot adequately describe anomalous 
absorption effects, whereas the Einstein model 
enables quantitative calculation of TDS absorp- 
tion from first principles (totally defined by 
<u?> and incident beam energy E,). A serious 
shortcoming of the a model is its inability to 
allow drastically enhanced transmission of the 
fast electron wavefunction for orientations 


where the probability density is predominantly 

within open crystal channels, since the poten- 

tial predicted by the a model is not negligible 
within these channels. 

In contrast with high-resolution experi- 
ments, which require very thin crystals (<30 nm 
thick) for quantitative interpretation, LACBED 
experiments are generally undertaken with rela- 
tively thick crystals, for three reasons. 
First, diffraction contrast needs to be sharp- 
ened by having relatively narrow rocking curves 
for each diffracted beam, which requires a 
thickness of order 100 nm. Second, since a 
relatively large crystal area is examined in 
the Tanaka techniques,?* in which one uses the 
objective lens forefield in nanoprobe mode to 
produce a highly convergent beam, relative 
changes in thicknesses At/t cver the entire 
illuminated area may be minimized by a rela- 
tively large mean thickness t. Third, thick 
crystals are more rigid and minimize distor- 
tions due to bending over the illuminated area. 
However, for crystals of high atomic number and 
low ATDS, variations in dynamical absorption of 
the fast electron wave-function are strong for 
thicknesses in excess of 150 nm or so. It is 
for these situations, where t/A that 
the use of the quantitative Einstein model is 
extremely powerful, giving quantitative corre- 
lation where thea model is simply inappropriate. 


1 
> 2, 
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FIG. 4.--Comparison of a and TDS models with densitometer trace X > Y across (a) <001>, (b) <111> 
LACBEDs as marked in Figs. 2(b) and 3(b) for GaAs; x axis is given in units of {200} and {220} 
BZ boundaries, respectively. 
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A GROUP OF NEW EQUATIONS RELATED TO THE OPERATION OF TEM DOUBLE-TILT 
HOLDER AND THEIR APPLICATION TO TRANSMISSION ELECTRON MICROSCOPY 


Liu Qing 


A double-tilt holder is often used in a trans- 
mission electron microscope (TEM) to adjust the 
specimen orientation during the analysis of 
crystallographic problems. The operation of 
the holder results in a change of a crystallo- 
graphic vector from one vector to another. In 
the present paper, the transformation matrices 
related to the above change are given. Accord- 
ing to these matrices, new equations useful for 
Studying some crystallographic problems in a 
simpler way are deduced, and some experimental 
examples are given to show the application of 
these equations. 


Matrix Deseriptton of the Rotatton About the 
Tilt axes 


The relationship between a fixed-reference 
orthogonal coordinate system and the tilt axes 
of a double-tilt holder is shown in Fig. 1. 

The x-axis coincides with the longitudinal axis 
T,; of the specimen holder, the z-axis lies 
along the optical axis of the microscope. The 
second tilt axis T2 of the specimen holder lies 
in the yz plane; the exact position depends on 
the first tilt angle a9 of the T, axis. When 
the specimen is tilted through an angle 8 about 
the Ty axis (from 8) to Bp + 8), followed by a 
tilt a about the T, axis (from ag to og + a), 
the new position of a vector g is 


g' = T)To8 (1) 


where T, and To are the transformation matrices 


related to rotations around the T)- and To- 
axes, respectively: 
1 0 0 
T; ={0 cosa -sina (2) 
O sina cos a 
cos B -sin 8 sin a 
To ={ Sin 6 sin ag cos*ag + sintag cos B 


-sin B cOS dg Sin ag cos ag({1 - cos 8B) 
sin 8 COS dq 

sin ag cos ag({l - cos 8) (3) 

sin%ag + cos2ag cos B 


An Equation to Determine the Practical Tilt 
Angle of the Specimen 


It is possible to determine the tilt angles 
of the two axes from the meter reading of the 
specimen holder. However, the practical tilt 


Liu Qing is at the Analysis and Measurement 
Centre, Harbin Institute of Technology, Harbin 
150006, China. 


angle of the specimen during the operation of 
the two tilt axes of the double-tilt holder 
may not be known. In Fig. 1, at the original 
position where the tilt angle about the T, axis 
is a9, a crystal direction upVgWg coincides 
with the z axis, with the diffraction pattern 
of this zone axis shown on the fluorescent 
screen. When the specimen is tilted (from ao 
to ag + a and from Bg to Bg + 8) to bring the 
direction uvw into coincidence with the 

z axis by operation of the double-tilt holder, 
the new position of the vector [uvw] (written 
as U) is 


0 
uU'=] 0 (4) 
1 
U'= T)(a)T2(8)U (5) 
y= cos | [sin(a - ag)sin ag + cos(a - ag)cos 6| 


(6) 


From the geometrical relationship shown in 
Fig. 1, y can be considered to be the practical 
tilt angle of the specimen during the operation 
of the double-tilt holder. 


Caleulatton of Tilt Angles for the Speetmen 
Ortentatton Adjustment 


The Kikuchi map is normally used in 
practice as a type of "road map" to adjust the 
specimen from one orientation to another. ! 
However, the Kikuchi map method has its dif- 
ficulties. First, the specimen: area of 
interest is often too thin to produce Kikuchi 
line pairs, second, for a severely strained 
specimen the visible Kikuchi line pairs are 
poorly defined; and third, for a small grain 
specimen, tilting of the specimen may cause 
loss of the corresponding diffraction pattern 
due to specimen shift. In these situations, 
adjustment of the crystal orientation to fol- 
low the Kikuchi map may be difficult or even 
impossible. A computer program to calculate 
the tilt angles for adjusting the specimen from 
one zone axis to another has been developed by 
Chou.2 However, it was found in practice that 
the calculation was complex and time consuming. 
In this section we present a group of new equa- 
tions that allow the rapid calculation of the 
tilt angles and orientation adjustment of the 
specimen to be achieved. 

In Fig. 1, if the diffraction pattern of the 
zone axis [uvw] is to be obtained from the 
original position; the angle between luvw] and 
lugvgwgl is y. The specimen should be tilted 
through the angle y about the normal to the 
common crystallographic plane (HgKgLlyg) to both 
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FIG. 1.--Geometry relationship of crystal 
specimen adjustment with double-tilt holder. 


zones. The normal direction to the plane 
(HjKglg}) is the direction of the line drawn 
from the central spot to the spot (HpKgLy)) in 
the diffraction pattern of the zone axis 
lugvowo J]. For a given camera length, the pro- 
jection of the direction and sense of the x 
axis can be determined by observation of the 
movement of the Kikuchi pole as the T, axis is 
tilted. It follows that the angle » between 
the normal to the plane (HpKglg) and the x axis 
can be measured on the fluorescent screen 
(Fig. 1). If we assume that the magnitude of 
the vector |U| is unity, we can write U in the 
fixed reference orthogonal coordinate system 
shown in Fig. 1 as 


sin y cos(¢ - 270 ) f_sin y sin 9 


U =]sin y sin(d - 270 )} = sin y cos @ (7) 
cos y cos y 
Use of Eqs. (2), (3), (4), and (7) in Eq. (5) 


leads to the equations 


a = sin-{sin y cos » cOS ag + Sin dg cos y) 
- a9 (8a) 
tan sin 
8 = tan! ieee 2 ee (8b) 
cOS Gg - SiN ag tan y cos ¢ 


Having obtained the diffraction pattern of 
the zone axis [ugvVowg], in order to obtain the 
diffraction pattern of another zone axis, the 
angle ¢ between the normal to the common plane 
(HgKoLg) and the x axis can be directly 
measured on the fluorescent screen by use of a 
beam-tilt technique described by Tambuyser. ° 
Thus, once we know the original angle ag of the 
T, axis from the meter reading and the angle y 
between the two zone axes, we can readily 
calculate, from Eq. (8), the tilt angles for 
obtaining the diffraction pattern of any zone 
axis. 

Table 1 shows an experimental example. A 
small hexagonal 8-SiC whisker was used for the 
test as it was difficult to adjust the orienta- 
tion following the Kikuchi map, since the 


diameter of the whisker was only 0.5 um. The 
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FIG. 2.--Illustration of three-Kikuchi pole 
method used to determine normal direction of 
TEM thin foil specimen. 


original position was the zone axis | ooo1] 
coincident with the beam direction; from the 
original position we obtained the diffraction 
patterns of the other eight zone axes by 
adjusting the specimen to the tilt angles 
calculated by Eq. (8). Table 1 shows the good 
agreement between the experimental and calcu- 
lated tilt angles: the maximum error is 
“20°, 


Determinatton of the Normal Direetton of TEM 
Thin-fotl Speetmen 


The three-Kikuchi pole method is frequently 
used to determine the normal orientation of a 
TEM thin-foil specimen (Fig. 2); the O is the 
central spot position where the specimen holder 
is at zero position. A, B, and C are three 
Kikuchi poles located nearby. It is necessary 
to record an image of the Kikuchi pattern 
since the angles A*O, B*O and C*O have to be 
determined by measurement of the distances AO, 
BO, and CO from the Kikuchi pattern. However, 
we can adjust the specimen to obtain the exact 
zone axis pattern of the Kikuchi poles A, B, 
and C, and determine the corresponding tilt 
angles (oy5 Ba» Op» Bae Cas and Bo) of the two 


axes of the double-tilt holder, respectively. 
It follows that the angles A*O, B*0O, and C*O 
can be calculated from Eq. (6). 

Figure 3 is a Kikuchi pattern of an Al 
alloy specimen which includes the three 
Kikuchi poles [112], [114], and [215], where 
the specimen holder is at the zero position. 
Assuming that the normal direction of the thin 
foil is LUVW], the angles between the three 
Kikuchi poles and [UVW] can be calculated by 
the above method: 8.96°, 6.489, and 7.5709. 
Then the normal direction of the thin-foil 
specimen can be determined by a method such as 
three Kikuchi-pole method to be [0.316, 0.308, 
0.898 ]. 


Determination of the Mtsorientatton Between 
Two Grains 


In order to determine the misorientation 
between two grains, the diffraction patterns 


TABLE 1.--Experimental and calculated tilt angles for 8-SIC whisker orientation adjustment, with 


double-tilt holder. 


Ist tilt angle 2nd tilt angle 
uvutw y Hy Ky lo Lo ¢ Sexp Seal exp Beat 
0001 0 9 124 
0113 19 47 2110 —10 280 28 14 10 3 8 64 
0223 35 26 2710 170 —255 ~2571 207 18 79 
1103 19 47 1120 —130 —40 —3 68 —15 —242 
2023 35 26 T2710 —70 170 1883 -—229 —2257 
0223 35 26 2110 —10 430 43 57 28 445 
2203 35 26 1120 130 155 1381 —136 —1l469 
1216 1702 1010 20 240 2491 175 18 74 
T123 31 48 1100 —40 302 3191 —-93 ~1089 


nsaatene 


FIG. 3.--Kikuchi pattern of Al alloy specimen 
which includes three Kikuchi poles where speci- 
men holder is at zero position. 


of the two grains are usually recorded separate- 
ly when the specimen is at the same tilt posi- 
tion. Then the angle between the zone axes 
indexed from the diffraction patterns is calcu- 
lated as the misorientation between the two 
grains. However, this method is complex and 
time consuming. In this section, a simpler and 
more convenient method is described. 

First, an exact zone axis direction of one of 
the grains is aligned to the beam direction with 
reference to the Kikuchi pattern and the cor- 
ressonding tilt angles a, and 8; are obtained 
from the meter reading of the double-tilt 
holder. Then the same zone axis direction of 
another grain is aligned to the beam direction 
by operation of the double-tilt holder, and the 
tilt angles ag and 6» are obtained. The angle 
between the zone axes of two grains can then be 
calculated from Eq. (6). The misorientation 
between the two grains is thus determined. 

Figure 4 is a TEM image of a grain boundary 
of an Al alloy specimen and the corresponding 
diffraction of the two adjacent grains, where 
the zone axis [112] of one of the grains 
coincides with the beam direction, and the tilt 
angles of the double-tilt holder are a, = 0.8° 
and 6, = -5.39. When the zone axis [112]of 
another grain is tilted to coincide with the 
beam direction, the corresponding tilt angles 
are a9 = 2.5° and Bo = -4.1%. Thus the mis- 
orientation between the two grains is 2.1°. 


fate 


FIG. 4.--TEM image of grain boundary of Al 
alloy specimen together with corresponding 
diffraction patterns of two adjacent grains. 


Conelustons 


One group of new equations related to the 
operation of the TEM double-tilt holder is 
deduced from matrix geometry. The orientation 
adjustment of a crystal specimen from the tilt 
angles calculated by these equations is con- 
sidered to be more convenient and less time 
consuming than that following the Kikuchi map 
method, since the difficulty of orientation 
adjustment of severely strained and small grain 
size specimens is avoided. From the equations 
in this paper, the normal direction of a TEM 
thin-foil specimen and the misorientation 
between two grains can be determined without a 
need to record the Kikuchi pattern. 
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ON-LINE MEASUREMENT OF SPECIMEN THICKNESS BY CONVERGENT BEAM ELECTRON DIFFRACTION 


M. T. Otten 


In transmission electron microscopy, thickness 
measurements are important but rarely done be- 
cause most measurement methods are difficult to 
perform and of notoriously poor accuracy. Con- 
vergent beam electron diffraction (CBED) pro- 
vides an easy and accurate measurement method 
for crystalline specimens. Measurement can be 
done on-line on the Philips CM microscope with 
the aid of a remote-control computer program. 


Expertmental Condtttons 


For thickness measurement a CBED pattern is 
needed that contains a two-beam diffracting 
condition, with a dark Kikuchi line going 
through the center of the bright-field disk and 
the corresponding bright Kikuchi line through 
the center of a dark-field disk (Fig. 1). Par- 
allel to the bright Kikuchi line, the dark- 
field disk contains a number of fringes whose 
distance from the Kikuchi line varies with 
specimen thickness. 

The visibility of the fringes depends on the 
size of the diffraction disk (larger disks show 
more fringes) as well as the electron probe 
size used (larger probes illuminate larger 
areas that may contain defects or vary in thick- 
ness or orientation, which will smear out the 
fringes). The normal mode for CBED thickness 
determination is therefore the Nanoprobe mode, 
with a medium to large C2 aperture (as large as 
possible without overlap of the bright-field 
and dark-field disks). 


Measurement Method 


For measuring thickness through CBED the 
formula? 


$45 (0/de 1) (48; /285) 


is used, where sj is the so-called deviation 
parameter; 4 is the electron wavelength; dhk1 
is the d-spacing of the diffraction used; A6; 
are the distances from the central bright 
fringe to the dark fringes 1, 2, etc.; and 20g 
is the distance in the pattern corresponding to 
the Bragg angle (Fig. 2). 

Based on these data, a plot is made (Fig. 3) 
of (sj/nj)? against (1/nj)?, where nj is the 
number of the dark fringe (1,2,3,...}). If nj 
was chosen correctly, the plot would yield a 
straight line. If nj is incorrect (with in- 
creasing thickness the fringes 1,2,3..., gradu- 
ally merge with the Kikuchi line, so that the 
first dark fringe visible becomes 2, 3, 4...), 
the plot yields a curved line. The nj numbers 
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are then increased until a straight-line plot 
is obtained. The intercept of the straight 
line corresponds to (1/t?) and thus yields the 
thickness t; its slope is equivalent to 
-(1/¢7) and gives the extinction distance Z. 
Instead of plots to determine the assignment 
of nj, a linear regression can be used. Ac- 
ceptance or rejection of the assignment can 
then be based on the correlation coefficient, 
which is -1 in the ideal case. 


Computer-atded Measurement 


Instead of doing the measurement calcula- 
tion manually, a program can be prepared that 
will calculate the thickness. One such pro- 
gram, called CBEDOFF (short for OFF-line CBED 
thickness determination; also CMCBEDOFF?), 
takes the necessary input data, recalculates 
them, assigns an index to the fringes, fits 
the data to a straight line by linear regres- 
sion, decides from the correlation coefficient 
which index assignment is correct, and from 
that assignment calculates the thickness and 
extinction distance. 

Even more useful would be the possibility 
of direct on-line measurement on the micro- 
scope. In theory such a measurement can al- 
ready be done by use of the CM microscope dif- 
fraction measuring function. The measuring 
function is based on calibrated shifts of the 
diffraction pattern by the image deflection 
coils. Since these coils are positioned right 
underneath the objective lens with its nearly 
constant current, the measurement is indepen- 
dent of the camera length and, through very ac- 
curate control of the deflection coils, highly 
accurate (better than 1%; compare with a re- 
producibility of 1.5% at best for the camera 
length). To make the measurement, one first 
shifts the transmitted beam and then two or 
more diffracted beams to a reference point 
(e.g., the beam stop) with the SHIFT X and Y 
knobs of the microscope. The results are di- 
rectly given as d-spacings, and angle and ratio 
of d-spacings (Fig. 4). Inversion of the d- 
spacing output would give the distances in the 
diffraction pattern needed for thickness mea- 
surement. 

However, in practice it is too difficult to 
use the diffraction measuring function directly 
for thickness measurement, because it is vir- 
tually impossible to shift accurately perpen- 
dicular to the fringes, since the fringes have 
no markers that make it possible to detect 
shifts parallel to the fringes. A remote-con- 
trol computer program, called CBEDON 
(CMCBEDON?), has been therefore designed that 
provides on-line measurement by combining the 
internal measuring function with the remote- 
control capabilities of the CM microscope. 
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FIG. 1.--Typical CBED pattern used for thickness measurement. 


Kikuchi lines run through center 


of bright-field (left) and dark-field (right) disks, with thickness fringes running parallel to 


bright Kikuchi line in dark-field disk. 


DARK FIELD 


BRIGHT FIELD 
DISC DISC 


FIG. 2.--Data needed for CBED thickness measure- 
ment. The d-spacing is real-space value as nor- 
mally determined in diffraction pattern analy- 
sis, in the same units as that of the electron 
wavelength; 2@p and A@j values are in the same 
arbitrary units (e.g., mm). 


Program CBEDON retrieves the necessary data 
such as high tension and d-spacing directly 
from the microscope and guides the operator 
through the measurement procedure. The program 
starts with checking for the presence of the 
remote-control driver and connection with the 
microscope and instructs the operator to obtain 
a proper diffraction pattern. Through the log- 
ging facility (printout of data to the computer 
and storing in a disk file), the high tension 
and d-spacing are retrieved by the program. 

The program must therefore determine which PA~ 
RAMETERS page contains the logging set-up 
(page 2 on a TEM, 4 on a STEM instrument) and 
insures that high tension and d-spacing are 
logged. The program then activates measuring 


and instructs the operator to shift three key 
points to a reference point such as the beam 
stop: one intersection of the dark Kikuchi 
line with the edge of the bright-field disk 
and the two intersections of the bright Kikuchi 
line with the edges of the dark-field disk 
(Fig. 5). The shifting must be done with the 
keypad cursors of the computer, which in turn 
drive the SHIFT X and Y knobs through remote 
control. From the three key points the pro- 
gram determines the center positions of the 
two disks, which gives the combination of X and 
Y shifts necessary to shift along the fringe 
normal (i.e., the connecting line between the 
disk centers). The diffraction pattern is then 
shifted by the program to the center of the 
dark-field disk. Again with the keypad cur- 
sors the operator is asked to shift to the 
first fringe, second fringe, etc., to the ref- 
erence point. At this stage the cursors will 
automatically produce a movement along the 
fringe normal by instructing the microscope to 
shift by the necessary combination of X and Y 
directions. Once the operator decides that a 
sufficient number of fringes have been measured 
(3 or 4 is usually sufficient), the program 
will fit the linear regression and produce the 
results. 

Programs CBEDON and CBEDOFF are available 
as public domain software.? 


Aceuracy 


CBED thickness measurement can be performed 
with high accuracy, in part because the posi- 
tion of the fringes changes rapidly with speci- 
men thickness. The most important factor de- 
ciding the accuracy is the fact that the mea- 
surement depends mostly on the high-index 
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FIG. 3.--Plots of (s;/nj)* vs (1/nj)* for indices starting with 1 (left) and for indices starting 
with 2 (right). Only for latter is it possible to fit straight line through data. 
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surement are intersections between Kikuchi 


FIG, 4.--CM MICROCONTROLLER page showing dif- lines and edges of diffraction disks. 


fraction measuring results (bottom of central 
information field). 


fringes, since their (sj/nj?) values are very the Kikuchi line and farther away from the in- 
close to the intercept that gives the thickness. tercept. Overall, however, the on-line mea- 
For these fringes the distance to the central surement gives results within 10-15% of that 


Kikuchi line is the largest and thus the easiest obtained for off-line measurement. 
to measure. In addition, absorption effects 
that could distort the measurement are smallest keferences 
r th fringes. However, the measurement is 
tO es ae . . 1. P. M. Kelly, A. Jostsons, R. G. Blake, 


iti to the a racy in measuring the d- ; ; ; : 
Po : eta 8 and J. G. Napier, ''The determination of foil 


spacing of the diffraction used, as is easily : ‘ naietees 
seen from the fact that this parameter occurs Pivekness Dy scanane Uranoiis> iol electron 
P microscopy," Phys. Stat. Sol. A31: 771, 1975. 


ea in the formula for the deviation param- 2..N. J. Zaluzec, "In the. coupucer corer. 
The on-line measurement is less accurate EMSA Bulletin 19{2): 122, 1989. 
than the off-line case because of a number of 
practical factors. Measurement with a ruler on 
a high-quality negative or print is inherently 
easier to perform. If deemed necessary, it is 
even possible to measure on a densitometer 
trace, allowing accurate location of the con- 
trast minima. An inhibiting factor for on-line 
measurement is the fact that the contrast of 
the higher-index fringes is usually weak, so 
that they become difficult to observe. Beam 
damage or contamination can reduce the time 
available for measurement before the diffraction 
pattern fades out. The number of fringes mea- 
sured on-line in practice is usually smaller 
than the nubmer that would be measured off-line, 
and the fringes measured tend to be closer to 
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A STRATEGY FOR QUANTITATIVE DETERMINATION OF STRUCTURE PARAMETERS BY COMPUTER SIMULATION OF 
CONVERGENT BEAM ELECTRON DIFFRACTION PATTERNS 


Knut Marthinsen, L. N. Bakken, Ragnvald Hgier, and Pal Runde 


High-quality convergent beam electron diffrac- 
tion (CBED) patterns from nanometer-size re- 
gions are now routinely obtained in almost ev- 
ery new TEM. Crystal structure studies are 
thus made possible on nanometer-sized crystals 
and on polycrystalline materials that have not 
been previously accessible by other structure- 
determination methods. However, whereas CBED 
has been widely used for determination of crys- 
tal symmetry, the application of quantitative 
CBED in crystal structure studies is so far 
much less developed. This situation is not due 
to a lack of theoretical models, but may re- 
flect the generally involved numerical situa- 
tion, which makes simple interpretations diffi- 
cult. 

So far most quantitative work on CBED has 
focused on effects and intensity variations 
that can be analyzed on a kinematic or two- 
beam like basis,?** or else the simpler one- 
dimensional intensity variation along a system- 
atic row has been utilized.*°* However, in fo- 
cusing on an optimal use of CBED patterns, one 
should utilize the general two-dimensional dy- 
namic intensity distribution in the disks; and a 
many-parameter fitting method has recently been 
suggested based on detailed simulations of the 
intensity variations observed.° These simula- 
tions must in general be based on full dynamic 
many-beam calculations. Consequently, the num- 
ber of refinable parameters (e.g., structure 
factor magnitudes and phases, absorption param- 
eters, crystal thickness, wavelength, etc.) may 
in principle be large and the computer time long 
even on supercomputers. A relevant procedure 
for comparison of theory and experiment is thus 
much needed. 

The present work is focused on this problem 
and a strategy for how to proceed is proposed. 
This strategy includes making use of the sur- 
face response methodology,® which devises an ef- 
fective way of searching in the many-parameter 
space for an acceptable fit between experiment 
and simulations. This method, which has been 
used with success in various fields of science 
since about 1950, is here illustrated by simu- 
lations on a theoretical four-beam example. It 
is shown that such a procedure strongly reduces 
the necessary number of diagonalizations and 
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thus makes realistic many-parameter determina- 
tions possible. 


Experiments 


As an example the 0,0,0; 7,1,-337,1,-5; 
0,0,-8 nonsystematic four-beam case in the 
[1,-7,0] zone of the noncentrosymmetric crystal 
InP has been investigated. Crushed samples on 
holey-carbon grids have been studied in a Phil- 
ips CM-30 electron microscope. The resulting 
CBED patterns for the 7,1,-n (m = 1,3,5,7) 
disks are shown in Fig. 1. They show typical 
intensity variations in strongly coupled re- 
flections with split lines and intensity maxi- 
ma and minima reflecting the magnitudes and 
phases of the reflections involved.’ For ex- 
ample, in the 7,1,-3 disk the upper left gap 
is governed by the strong 0,0,4 coupling to 
the 7,1,-7 disk. A similar splitting in the 
7,1,-7 disk is seen at a position corresponding 
to the coupling vector 0,0,4. The lower right 
line splitting is mainly governed by the 0,0,2 
coupling to the 7,1,-5 reflection, but is heav- 
ily perturbed by coupling to other reflections 
that are accidentally at or near the Bragg con- 
dition. A more detailed discussion of this 
kind of many-beam effects and their strong de- 
pendence on the structure factor magnitudes 
and phases of the reflections involved may be 
found elsewhere.°*”’ However, it is these 
strong parameter dependences that make these 
effects suitable for quantitative structure 
parameter determinations. 

Simulation of the CBED patterns is based on 
the Bloch-wave formulation of high-energy dy- 
namic electron diffraction, where we have made 
use of the FORTRAN code of Zuo, Gjgnnes, and 
Spence.” Here absorption is included by diag- 
onalization of the full complex non-Hermitian 
structure matrix. However, a small refinement 
has been made to allow for the inclusion of 
absorptive form factors from Bird and King.’ 
They include only the thermal diffuse scatter- 
ing contribution to the absorption potential, 
but in this way one takes into account that 
the absorptive potential and the real part of 
the potential in principle have a different 
spatial distribution, which in general gives 
different phases for the Fourier coefficients 
of the real and imaginary parts of the poten- 
tial. This feature may be important in quanti- 
tative work from noncentrosymmetric crystals. 

Simulated CBED patterns for the 7,1,-3 and 
7,1,-5 disks at 2000 A corresponding to the 
same incident beam directions as in Fig. 1 are 
shown in Fig. 2: 18 beams are included in the 
simulations, inclduing accidental HOLZ lines 
that were identified in the experimental pat- 
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FIG. 1.--Observed CBED pattern from InP show- 
ing split lines and intensity variations in 
7,1,-n disks; [1,-7,0] zone; 150 keV 

FIG. 2,--Calculations for InP corresponding to 
Fig. 1, thickness 2000 A, (a) 7,1,-3 disk, 

(b) 7,1,-5 disk. 

FIG, 3.--Difference map as compared with 7,1,-5 
disk intensity in Fig. 2(b) when $002 is 
changed by 5°. 


FIG. 4.--Possible response surface in two-parameter example, with points shown for one-variable- 
at-a-time approach and arrow indicating path of steepest descent from point 0. 


terns. They show remarkable similarity with 
the corresponding observed disk intensities in 
Fig. 1, including most of the details, and sup- 
port the fact that it should be possible to 
simulate observed CBED patterns with high accu- 
racy. 


Comparison of Theory and Experiment 


A quantitative determination of unknown pa- 
rameters cannot be based on visual comparisons 
of calculated patterns as a very large number 
of patterns are involved. We therefore need a 
method that utilizes computer comparisons. The 
first step is therefore to get the 2-dimension- 
al observed intensity in the disks digitized 
and read into the computer. That can be done 
via film, a transilluminator, and a CCD cam- 
era, but preferably directly in the microscope 
by use of EELS. So far only film-based data 
have been available in our laboratory. The ex- 
perimental pattern in Fig. 1 is acquired by a 
CCD camera from film, stored on the SYNOPTICS 
Synapse image processing framestore, and re- 
displayed on a monitor with the image process- 
ing language SEMPER 6. 

To compare theory and experiment in the com- 
puter it is convenient to define a normalized 
fit index based on the intensity differences in 
each pixel, i.¢. 


R= 2,11, ~ Lene! 2a! (1) 


exp i exp 


Here the intensity distribution in a general 
disk h is a function of numerous parameters, 
including for example all the structure factors 


U, (1 =h, g, h - g,...) involved, i.e., both 
their magnitudes |U,|, their phases $1 and 
their absorptive parts U,', the thickness t of 
the specimen, the instrument voltage m/mo, and 
the incident beam direction: 


L . f([Ui|, bi, Url, t, m/mo, see ee ) (2) 


The idea is now to start with an arbitrary set 
of unknown parameters to minimize the fit index 
R with respect to these parameters thereby de- 
termining them. However, although some of 
these parameters may be known beforehand (e.g., 
the thickness and the voltage), or others from 
other structure determination methods, there 
may still be a large number of parameters to 
be determined; and as each position in the pat- 
tern necessitates one diagonalization of the 
general non-Hermitian structure matrix, such 
many-parameter fitting is a formidable task in 
terms of computation time. 

However, it is obvious that the refinement 
need not be done on the whole disk but may be 
limited to regions within the disks where the 
important intensity variations are. In fact, 
it has been shown that much can be learned by 
fitting performed on very limited regions. 

As an example, consider the difference map of 
Fig. 3, which represents the intensity differ- 
ences in the 7,1,-5 disk with respect to that 
of Fig. 2(b) when the structure factor $002 has 
been changed by 5°. It is clearly seen that 
the main intensity differences is found to the 
right and below the center of Fig. 3. Limit- 
ing the refinement to this region would greatly 
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: i Sirtace veapodie reduce the necessary computing time. 


method (projection); ae If necessary, the whole disk could 
hg InP, 2000 A, 150 keV os be included in a final refinement. 

w{ 7de5 disk, [1,-7,0] zone The difference map in Fig. 3 also 
illustrates the strong intensity 
ects variations that occur when only one 
a structure factor phase is changed. 
ae The next step then is how to vary 
aa the unknown parameters to make a fit 
possible. The classical way of at- 
tacking this problem is to use the 
one-variable-at-a-time strategy. 
This means that only one parameter 
at the time is varied while the 
others are kept constant, and when 

a one-parameter minimum is found the 


E 


002 


Ze parameter in question is fixed at 
1.25 ea the value giving this minimum. This 


procedure is repeated until all pa- 
rameters are fixed. However, this 
procedure has its disadvantages, as 
illustrated by Fig. 4. It shows a 
possible response surface in a sim- 
ple two-parameter example. If we 
now follow the one-variable-at-a- 


TT 


AA 
a time strategy by first varying the 
AN 


parameter A along the horizontal 
dashed line, we would be led to an 
ee optimum at P; fixing A at this value 

and then varying B would lead us to 

a final optimum at Q, which is still 
IES » somewhat away from the true optimum 
SS 30 60 at S. Such a procedure would only 
S= 002 work adequately if the variables 
were truly independent. This is 
rather an exception than the rule 
and will thus generally not lead us 
to the correct minimum unless the 
whole many-parameter room is run 
through. In our case this would be 
an unsurmountable task and a better procedure for fitting the unknown parameters is needed. 


RY 


FIG. 5.--Response surface method, two-parameter example, 
applied to disk intensity of Fig. 2(b), |Uoo2| and Uoo2 
taken as variable parameters. 


The Surface Response Method 


The surface response method® devises an alternative way, usually better, to do these fitting 
of parameters. It is based on finding first a representation of the local response surface and 
then the path of steepest descent (or ascent if one seeks a response function maximum) to indi- 
cate in which direction the parameters should be varied. This approach is illustrated in Fig. 4, 
where following the path of steepest descent from an arbitrary point O immediately leads us in 
the right direction. The crucial point here, in contrast to the one-variable-at-a-time strategy, 
is that the parameters are varied together. 

In general the principle is as follows. Start from a point in the many-parameter space cor- 
responding to the best guess of the unknown parameters. The response function is then deter- 
mined in a carefully chosen set of points around the center point to allow for efficient least- 
square fitting and checking of a first-degree polynomial model. As the starting values are some- 
what away from the true minimum, it is likely that the predominant local characteristics of the 
response surface is its gradient and that the local surface can be roughly represented by a 
planar model. However, if lack of fit of the first-order model is found, the design of test 
points to fit the local response surface has to be augmented to make fitting of a second-order 
model possible. Anyway, having found an acceptable local representation of the response surface, 
one continues the procedure by exploring in the direction of steepest descent. In this way a new 
minimum is found and the procedure described above starts all over again and is repeated until 
the true minimum is reached and the unknown parameters are thus determined. 

In the present work the surface response method will be illustrated by a theoretical four-beam 
example (the one described in Fig. 1). The intensity in the 7,1,-5 disk in Fig. 2(b) is taken as 
the theoretical "correct" pattern, and it is assumed that the only two unknown parameters are the 
magnitude and the phase of the structure factor Ujo2, i.e., the coupling reflection between the 
7,1,-3 and 7,1,-5 reflections. Starting with [Uoo2| 1.5 times the correct value and ¢902 = 60° 
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(the true value being 0°), a two-parameter fit- 
ting following the response surface methodology 
has been carried out. The result is shown in 
Fig. 5. It is seen that despite some zig-zag- 
ging the unknown parameters approach the cor- 
rect values relatively fast; only 9 steps were 
needed. In the first 7 steps a first-order 
polynomial sufficed to represent the local re- 
sponse surface; a second-order equation was 
needed in the final two steps. It is clear 
that such a procedure will greatly reduce the 
computer time as compared with the classical 
one~parameter-at-a-time strategy if we demand 
the same degree of fit. 


Conelustons 


It is clear that the method discussed has a 
large potential for quantitative determination 
of structure parameters. The complicated 2- 
dimensional intensity distributions in CBED 
disks are ideal from a simulation point of view 
and with the strong parameter dependences that 
exist particularly in nonsystematic many-beam 
cases, quantitative parameter determinations 
should be possible. To compare theory and ex- 
periment, computer comparisons are necessary 
and a fit index based on the pixeli-by-pixel 
intensity difference between the 2-dimensional 
digitized intensity in the disks and simula- 
tions may be used. To minimize this fit index 
and thus determine the unknown parameters a fit- 
ting procedure like the surface response method 
has to be used. Although this method is illus- 
trated here only by a two-parameter example, it 
has general applicability to the determination 
of global minima for an arbitrary number of un- 
known parameters. This procedure will greatly 
reduce the number of necessary diagonaliza- 
tions, and thereby make many-parameter fittings 
possible. 
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CONVERGENT BEAM ELECTRON DIFFRACTION ZONE AXIS PATTERN MAP OF ZIRCONIUM 


E. G. Silva and R. A. Scozia 


Convergent beam electron diffraction (CBED) is 
a very useful technique for crystallographic 
analysis. A zone axis CBED pattern map (ZAP 
map) available for a given material provides a 
quick and reliable tool to identify crystaline 
phases and crystallographic directions, even in 
very small areas of samples (“1 nm in diameter). 
In the present work, a CBED ZAP map of Zr is 
shown. Patterns were obtained with a Philips 
EM300 transmission electron microscope set up 
to carry out this technique. 


Experimental 


Thin foils were prepared by conventional jet 
electropolishing technique from a Zr single 
crystal grown in the [0001] direction.+ A con- 
vergent objective upper polepiece for STEM and 
some electronic modificaitons in the lens cir- 
cuits were required (recommended by Philips for 
the STEM system). Furthermore, the microscope 
vacuum system and column were carefully cleaned 
with high-purity chemicals and it was operated 
at a very good vacuum. Contamination of the 
specimen was reduced by surrounding the sample 
with a cold trap at liquid nitrogen temperature 
and flooding the specimen for a few minutes with 
a high electron flux before observation.” A 
double tilt holder was used in the goniometer 
stage. 

CBED patterns were observed in D + I mode 
with suitable conditions of the first and sec- 
ond condenser lenses. Current was fixed at 6.0 
A for the objective and at a very low value for 
the--intermediate lens. The objective aperture 
was out of the beam and the appropriate C2 
aperture was used. Kossel lines were used to 
tilt the sample to the required zone axis. 

CBED patterns in the Zr ZAP map consist of zero 
layer disks, showing fine details within them 
that correspond to an intersecting set of high- 
er-order Laue zone (HOLZ) deficiency lines. 

The position of these lines is very sensitive 
to changes in voltage, among other parameters. 
This fact allowed the precise voltage at which 
CBED patterns were taken to be determined, by 
comparing them with computer simulations of di- 
rect disks HOLZ lines. To aid in the interpre- 


The authors are at the Departamento de Fisi- 
ca, Facultad de Ciencias Fisicas y Matematicas, 
Universidad de Chile, Santiago. Financial sup- 
port from Departamento Técnico de Investigacion, 
U. de Chile, E2858/8923, is acknowledged. 

Thanks are due to Dr. J. F. Mansfield for valu- 
able help and suggestions, to Mr. J. W. Robin- 
son for samples preparation, to Mr. M, Rodri- 
guez for microscope maintenance, and to Prof. J. 
Grez for electronic modifications supervision 
of the EM300. 


tation of patterns from the zone axis of Zr, 
results of a previous study were applied.* 


Results 


The CBED ZAP map of Zr covering a basic 30° 
sector of the hexagonal crystal system extends 
to about 28° from the [0001] to the [2113] and 
[1012] directions. ZAP [4223] also appears 
(Fig. 1). ZAPs such as [1015], [1014], [1013], 
and [1012] are observed on the (1210) plane, 
as well as ZAPs [2119], [2116], [4229], [2113], 
and [4223] along the (0110) plane. Patterns 
present their zero layer containing direct and 
dark-field disks. In some patterns such as 
[2119], [1015], and [1014], HOLZ lines are vis- 
ible. Enlarged central disks of these ZAPs are 
shown in Figs. 2-4. Computer simulations of 
direct disks HOLZ lines corresponding to these 
ZAPs were drawn by a Calcomp plotter. A simu- 
lation program improved to fit experimental re- 
sults was used.* An accelerating voltage of 
84 kV was taken as input for the program, 
which produced best results in matching experi- 
mental HOLZ lines with those simulated for each 
of the ZAPs mentioned above (Figs. 5-7). 


Conelustons 


It was possible to attain CBED with a Phil- 
ips EM300 TEM after performing the modifica- 
tions for STEM. The ZAP map for Zr taken at 
84 kV is useful for subsequent "fingerprint" 
identification of Zr in precipitates, alloy 
phases, and crystallographic directions deter- 
mination. A single CBED pattern would suffice 
for this purpose. 
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FIG. 1.--CBED pattern ZAP map of Zr at 84 kV. 
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pattern 
pattern 
pattern 
of Fig. 3. 


FIG. 4.--Enlarged central disk of CBED 


1014] 
FIG. 5.--Computer simulation for ZAP of Fig. 2. 


FIG, 6.--Computer simulation for ZAP 


FIG, 7.--Computer simulation for ZAP of Fig. 4. 


FIG, 2.--Enlarged central disk of CBED 
FIG. 3.--Enlarged central disk of CBED 
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APPLICATIONS OF CBED TECHNIQUES TO THE STRUCTURAL 
CHARACTERIZATION OF CRYSTALLINE DEFECTS 


R. Pérez 


In recent years, CBED techniques have been 
mainly used for the symmetry characterization 
of perfect crystals. However, the studies of 
defective crystals by CBED have received lit- 
tle attention in the literature.?~* The re- 
sults presented in this communication explore 
some of the image contrast characteristics ob- 
tained in theoretical simulations of zero-order 
Laue zone (ZOLZ) reflections. The theoretical 
simulations are based on the multibeam form of 
the dynamical theory.” These calculations have 
been carried out for perfect crystals and crys- 
tals with dislocations or stacking faults. 

Some of the parameters that affect image con- 
trast strongly have been explored, including 
specimen thickness, multibeam effects, nature 
of the defect, etc. The calculations are car- 
ried out for an operating voltage of 100 kV. 

In the past, methods for the characteristics of 
the nature of stacking faults (SF) and dislo- 
cations based on CBED techniques, have been de- 
veloped.+ These methods are mainly based on 
the results predicted by the two-beam form of 
the dynamical theory. We also explore the con- 


sequences of multibeam effects on these methods. 


Theoretical Background 


In the dynamical theory of electron diffrac- 
tion the high-energy electrons in the crystal- 
line specimen can be described by Bloch waves 
of the form 


pit) = expcanikt) . % z a exp(27i B * 3) 


The Fourier coefficients cO4) and the Bloch 
wavevectors K‘1/ can be found”’from a solution 
of the eigenvalue equation 

ac 4) v¥AoD 
where C(i) is a column vector whose elements 
are C{4) and yi) = (kf) - Kz), where Kz is 
the z-component of the incident wave vector af- 
ter the effects of the mean inner potential of 
the lattice are allowed for. A is a matrix 
whose off-diagonal elements are proportional to 
the Fourier coefficients of the lattice poten- 
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tial V ea a: the relation Agp = U “yf2ks 
where = 2me Vg/h? and the diagonal elements 
are raleted to the crystalline orientation. 
The diffracted beam amplitude can be expressed 
as 

exp(2niy ° Tr) 


Pee corte 
g 0 8&8 


>(4 >fs > 
where y (i) = k(i) - kK. The directly transmit- 
ted beam intensity can therefore be written as 


1 (6) = xc) 4 (5) 
0 i? 
(i)2 (j)}2 
+ cere (6) Co (Sjeos(2m2/e 5 (S)] 
where €;; is the inverse of the gap between 


the branches i and j of the dispersion sur- 
faces for the orientation §&. 


CBED Reflections from Perfect Crystals 


To investigate the multibeam effects on the 
image contrast obtained in ZOLZ reflections, 
theoretical calculations of CBED disks have 
been carried out. In these calculations, the 
number of beams and the type of elements have 
been varied (Figs. 1 and 2). Figures 1(A) and 
1(B) show the directly transmitted disk for a 
specimen of Al (Z = 13) 200 nm thick along the 
(100) zone axis and correspond to the 9-beam 
and 25-beam theoretical simulations, respec- 
tively. No appreciable differences between 
the two images can be seen. However, Figs. 
2(A) and 2(B) show the directly transmitted 
disk for a specimen of Au (Z = 79) under simi- 
lar conditions as in Fig. 1. In this case 
strong differences between the 9-beam and the 
25-beam cases can clearly be seen. 


CBED Reflecttons from Crystalline Spectmens 
with Defects 


The study of crystalline defects with CBED 
techniques is very limited in the literature. 
One of the most systematic studies of this 
topic has been carried out by Tanaka et al.,? 
who have studied intensity profiles from both 
lower- and higher-order reflections in CBED 
patterns of specimens with stacking faults and 
dislocations. The experimental results are 
compared with the predictions of the two-beam 
theory. The results presented in the next sec- 
tions are based on the multibeam form of the 
dynamic theory with Doyle and Turner atomic 
scattering factors.° The Fourier coefficients 
are Debye-Waller corrected in all cases. In 
the calculations, the colum approximation is 
assumed to prevail. The standard geometric 
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FIG. 1.--CBED disks for Al specimen 200 nm thick obtained along (100) zone axis: (A) 9-beam cal- 
culation, (B) 25-beam calculation. 

FIG. 2.--CBED disks for Au specimen 200 nm thick obtained along (100) zone axis: (A) 25-beam cal- 
culation, (B) 9-beam calculation. 

FIG. 3.--CB transmitted disk for Si specimen along (100) zone axis: (A) perfect crystal 200 nm 
thick, (B) same crystalline specimen with transverse SF at middle of slab. 
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arrangement of the crystalline specimen with a 
dislocation or a stacking fault is also as- 
sumed, ° 


FIG. 4.--CB transmitted disk for Si specimen 
along (100) zone axis: (A) perfect crystal 200 
nm thick, (B) crystal with transverse SF at 10 
nn depth, (C) crystal with transverse SF at 
100 nm depth. 


Directly Transmitted Disks from Crystals 
with Stacking Faults. In the past, a result 
that has been commonly found in the studies of 
transverse SF by CBED is related to the break- 
down of the symmetry in the defected crystals. 
For example, Fung has found that a transverse 
SF lowers the symmetry of the crystalline spec- 
men from 6mm to 3m." This effect can also be 
obtained in simulations of CBED disks. Thus, 
for example, Fig. 3(A} shows the simulation of 
a transmitted disk along the (100) zone axis in 
Si; Fig. 3(B) shows the simulation of the same 
crystalline specimen but with an SF at the mid- 
dle of the slab. This figure clearly illus- 
trates the breakdown of the symmetry of the 
perfect crystal. 

The image contrast obtained from CB disks 
of crystals with SFs depends strongly on the 
depth of the SF plane in the specimen. Figure 
4(A) shows the CB disks for a perfect crystal 


ae 


FIG. 5.--CBED disks for Al specimen 200 nm 
thick obtained along (111) zone axis: (A) per- 
fect crystal, (B) transverse SF at middle of 
slab. 
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of Si of 200 nm; Fig. 4(B) shows the CB disk 
for a faulted crystal with an SF plane 10 nm 
deep, and Fig. 4(C) corresponds to the case of 
an SF plane 100 nm deep. The most pronounced 
changes in image contrast are obtained in Fig. 
4(C). In some cases the presence of an SF does 
not give rise to pronounced effects on image 
contrast. In Fig. 4, a (111) zone axis CB 
transmitted disks for perfect and faulted crys- 
tals are displayed. Both patterns in these 
images show similar characteristics. 


Directly Transmitted Disks from Crystals 
with Dislocattons. The presence of disloca- 
tions can also break the original symmetry of 
the perfect crystal. Figure 6(A) shows the 
perfect crystal case and Fig. 6(B) illustrates 
the case of a crystal with a screw dislocation. 
The nucleus of the dislocation lies in the mid- 
die of the crystalline slab. This figure 
clearly illustrates the breakdown of the origi- 


FIG. 6.--CB transmitted disks for Si specimen FIG. 7.--CB transmitted disk for Si specimen 
200 nm thick along (100) zone axis: (A) perfect along 100 zone axis: (A) perfect crystal 200 
crystal, (B) crystal with screw dislocation nm thick, (B) crystal with screw dislocation 
where nucleus of dislocation lies at middle of at 10 nm depth, (C) crystal with screw disloc- 
slab. ation 100 nm depth. 
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nal symmetry. There is also a strong depen- 
dence of the image contrast obtained in the CB 
disk and the depth of the nucleus of the dislo- 
cation. Figure 7 shows the perfect crystal, 
with the nucleus at 10 nm and 100 nm deep in an 
Si specimen 200 nm thick. Furthermore, the im- 
age contrast obtained in the CB disk also de- 
pends strongly on the horizontal distance from 
the nucleus of the dislocation along the top 
surface of the specimen. Thus, for example, 
Fig. 8(A) shows the CB disk of a crystal with 

a screw dislocation. This CB disk is obtained 
at a horizontal distance of 5 nm from the nu- 
cleus of the dislocation. However, Fig. 8(B) 
shows the CB disk obtained at a horizontal dis- 
tance of 50 nm from the nucleus. It is clear 
from these images that the CB disk obtained at 
large distances from the dislocation are simi- 
lar to the perfect crystal case. 


Charactertzatton of the Nature of Ditsloca- 
tion by CBED Reflections. Recently, methods to 


FIG. 8.--CB disks from Si specimen 200 nm thick 


with screw dislocation; pattern obtained at 


identify the nature of dislocations from CBED 
patterns have been developed.* These methods 
are based on the image contrast displayed by 
rocking curves obtained close to the disloca- 
tion line. Thus, for example, Fig. 9 shows 
the dark field (DF) reflections for a specimen 
of Si with a screw dislocation. The specimen 
thickness is 20 nm and the dislocation nucleus 
is 10 nm deep. The abcissa and the ordinate 
in these figures correspond to the excitation 


FIG. 9.--Dark-field CB reflections for Si 
specimen with screw dislocation. Specimen is 


horizontal distance of (A) 5 nm from dislocation, 20 nm thick and dislocation nucleus is at 


(B) 50 nm from nucleus of dislocation. 
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10 nm depth (15-beam calculation). 
= 3, (B) g * b= 4. 


(A) g * B 


error and the horizontal distance from the dis- 
location line, respectively. Figure 9 shows the 
case where g*b =n =3 and 4, respectively; 

for n = 1, the reflection line splits into two 
lines, for n = 2 the reflection line splits 
into 3, etc. This image contrast characteris- 
tic has been used in the determination of the 
Burgers vector. However, there is a strong 
dependence of this particular kind of image 
contrast on various parameters. In Fig. 10, 


FIG. 10.--Dark-field disk for Co specimen with 


screw dislocation. fA) 2-beam calculation, 
(B) 3-beam calculattion including nonsystemat- 
ic reflection close to its Bragg condition. 


the dark field disks of Co with a screw dislo- 
cation and g * b = 4 are displayed: Fig. 10(A) 
corresponds to the two-beam calculation, Fig. 
10(B) shows the DF disk when a nonsystematic 
reflection is included. The two figures show 
appreciable differences. The two-beam case 
(Fig. 10A) splits the reflection line into 

five segments. However, in the three-beam 


case only four segments can be clearly seen 
(Fig. 10B). 


Systematic reflections have small 


FIG. 11.--CB dark-field disk from Si specimen 
with screw dislocation (g * b= 4). (A) 2- 
beam calculation, (B) 15-beam calculation in- 
cluding only systematic reflections. 


359 


image contrast effects, as shown in Fig. 11, 
where DF disks obtained from a Si specimen 
with a screw dislocation is displayed. Fig- 
ures 11(A) and (B) correspond to the two-beam 
and 15-beam calculation, including only sys- 
tematic reflections. There are only small dif- 
ferences between these images. The specimen 
thickness also has a strong effect on the im- 
age contrast obtained in CB disks. Figures 

12 (A) and (B) show the dark-field disks for an 
Si specimen of 50 and 100 nm, respectively. 


Appreciable differences in image contrast can 
clearly be seen suggesting that the identifi- 
cation method can be properly applied only in 
thin regions of the crystalline specimen. The 
effect of thickness is more pronounced for 
higher atomic number elements. Figure 13 
shows the DF disks for specimens of Al and Au 
40 nm thick and with a screw dislocation. The 


image contrast obtained in the gold case (Fig. 
13B) does not fit with the main image con- 
trast characteristics for defect identifica- 
tion. 


FIG. 12.--CB dark-field disk from Si specimen 


with screw dislocation (g * b = 4). (A) Specimen 


50 nm thick, (B) specimen 100 nm thick. 


FIG. 13.--CB dark-field disk from crystalline 
specimen with screw dislocation of g * b = 4. 
(A) Al 40 nm thick, (B) Au 40 nm thick. 
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Charactertzation of the Nature of Stacking experimental situations it is always difficult 


Faults from CBED Reflections. The method to to avoid the effect of systematic and (in some 
identify the nature of SFs from CBED reflec- cases) nonsystematic reflections. The impor- 
tions is based on the image contrast displayed tance of these kinds of reflections is illus- 
by rocking curves obtained from specimens with trated in Fig. 14. This figure shows the rock- 
transverse SF. In the past, the theoretical ing curves obtained from an Si specimen 300 nm 
Simulations have only been based on the two- thick. The crystal has a transverse stacking 


beam approximation of the dynamic theory. In fault with a phase angle of 21/3. Figure 14(A) 
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FIG. 14.--Rocking curves obtained from 300nm Si specimen with SF phase angle of 27/3. (A) 2-beam 
calculation, (B)-(D) 3-beam calculations including nonsystematic reflection that approaches 
Bragg condition from (B) to (D). 


FIG. 15.--Directly transmitted disk for Al specimen with SF plane at 10 nm. (A) Phase angle 
27/3, (B) phase angle -21/3. 


361 


FIG. 16.--Dark-field disk for Al specimen with SF plane at 10 nm. Specimen thickness is 200 nm 
and phase angle is (A) 27/3, (B) -21n/3. 
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FIG. 17.--Bloch wave parameters $9 (J? as a function of crystalline orientation AO, from -2g at 
Bragg position to 2g at Bragg g = 0 - 2.2. (A) 9-beam calculation, (B) 25-beam calculation. 


intrabranch scattering terms to diffracted beam amp- 
litude for a = 27/3 fault (Fig. 15) for two crystalline orientations: (A) AS = -2.4, (B) -1.5. 


FIG. 18.--Contributions of interbranch and 
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assumes a two-beam situation; Figs. 14(B), (C), 
and (D) take into account a nonsystematic re- 
flection with diffraction condition successive- 
ly closer to its Bragg condition. Pronounced 
changes can clearly be seen from these profiles. 
On the other hand, the method used in the past 
to identify the nature of SFs by CB reflec- 
tions is mainly based on the intrinsic asymme- 
try obtained in the overall image contrast of 
CB disks from specimens with these kinds of 
faults. The method involves the use of micro- 
densitometer traces to be compared with the 
two-beam theoretical profiles. The same kind 
of information can be obtained by comparing the 
directly transmitted disk and one of the dif- 
fracted disks simultaneously. Figure 15(A) 
shows the directly transmitted disk for an Al 
specimen with an SF plane 10 nm deep. The 
phase angle is 21/3 and the thickness of the 
specimen is 200 nm. Figure 15(B) shows the 
same situation at a phase angle of -27/3. The 
image contrast obtained from these disks is 
similar, so that no information can be ob- 
tained on the nature of the SF. However, the 
dark-field disks (Fig. 16) show appreciable 
differences in the image contrast characteris- 
tics. Thus, for example, the 27/3 case shows 
high intensity for negative values of the ex- 
citation errors, but in the -27/3 case the 
high values of intensity corresponds to posi- 
tive values of the excitation error. If we 
compare the BF and DF disks (Figs. 15 and 16), 
we see that the high-intensity regions are in 
opposite ranges of the excitation errors for 
27/3 and in the same range for -27/3. It is 
therefore clear that a simple comparison of the 
BF and DF disks could provide part of the in- 
formation required for SF identification. 


Discusston 


The results of the calculations reported in 
this communication can be understood by follow- 
ing the behavior of the Bloch wave parameters 
as a function of the crystalline orientation. 
The importance of the contribution of Bloch 
wave j to the rocking curve profiles can there- 
fore be determined by a plot o,(3) = (C)(5))? as 
a function of the rocking angle. Thus, for ex- 
ample, Fig. 1 shows no appreciable differences 
between the 25-beam and 9-beam disks in Al, but 
Fig. 17 shows a 9 C5) profile (-2g to 2g) for 
9-beam and 25-beam calculations. There are no 
important differences between these two plots. 
There are only two important Bloch waves in 
each case and therefore the image contrast of 
these CB disks are similar. The intrinsic asyn- 
metry obtained in CB disks from crystals with 
stacking faults can also be understood from the 
behavior of the inter- and intra-branch scatter- 
ing terms that are responsible for the image 
contrast in crystalline specimens containing 
SFs.° The diffracted beam amplitude at the 
exit surface of the faulted (SF) crystal can be 
written as’ 


The term $2) represents the contribution of 
the diffracted beam amplitude of the inter- 
branch scattering from Bloch wave j to Bloch 
wave i. (If i = j, the scattering is re- 
ferred to as intrabranch.) Thus, for example, 
the asymmetry shown in Fig. 18 can be under- 
stood from a calculation of the magnitudes and 
phases of op) (Fig. 18). 


Conelustons 


The results presented in this communication 
show that image contrast obtained in CBED 
disks in ZOLZ depends strongly on the diffrac- 
tion conditions. Thus, for example, the pres- 
ence of nonsystematic reflections closed to 
its respective Bragg condition can destroy 
the image contrast features used for defect 
identification. The thickness of the specimen 
also has strong effects on image contrast, 
which is of particular importance for defect 
identification, 
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Analytical Applications 


PARTICULATE MAGNETIC MEDIA CONTAMINATION: LARGE DEFECTS 


Evelyn R. Ackerman and Gerald Kimmel 


The density of information stored on magnetic 
disks is increasing rapidly. The size of the 
recorded bit is getting smaller and the width 
of the track of the bits is becoming narrower. 
To achieve the increased density, the thick- 
ness of the recording medium is decreasing, and 
the distance between the disk and the read/ 
write head (the flying height) is decreasing. 
Medium thickness of less than 100 nm and flying 
height of about 12 microinches are common. 

With these decreasing dimensions come increas-~ 
ing problems with particle contamination on the 
disks. Figure 1 shows a comparison of the fly- 
ing height to the size of several typical par- 
ticle contaminants. If the head encounters one 
of these particles resident on the disk, it is 
easy to see that catastrophic damage to the re- 
cording medium is possible. A particle may 
prevent the recording of a bit by causing the 
head to fly too high above the disk. If the 
head collides with the particle, the particles 
may gouge the medium and remove a bit. In ei- 
ther case some information is lost. Part of 
the quality assurance at Storage Technology 
Corp. is the prevention of the accumulation of 
particles on the disk before, during, and after 
assembly of the head-disk assembly (HDA). 

Head/disk interference (HDI) occurs when 
contamination on the disk and/or recording me- 
dia/substrate defects interfere with the head 
and cause head flight instability. HDI can 
range from a loss of a single bit of data to 
complete loss of data (head crash). This study 
includes the photographic documentation of the 
surface characteristics of recording/medium 
substrate defects and HDIs caused by particulate 
contamination by a scanning electron microscope 
(SEM) . 

Medium/substrate defects can cause the re- 
moval of the recording medium and leave a void 
and exposing the substrate. Figure 2 shows an 
example of a void that occurred as the result 
of the polishing operation done on the record- 
ing medium. A void can also occur when a con- 
taminant is trapped in the medium and is pulled 
out (Fig. 3). Sometimes deposited contaminants 
are not pulled out, but remain trapped in the 
medium (Fig. 4). The agglomeration in Fig. 4, 
which contained human contaminants, possibly 
was deposited in the medium while it was still 
wet. The removal of the recording medium or 
contaminants that remain trapped in the media 
can affect the magnetic characteristics of the 
medium and result in the loss of data. 

Particles introduced into an HDA during an 
assembly process or resulting from the wear of 
parts can cause HDIs of various magnitudes. 


The authors are at Storage Technology Corp., 
Louisville, CO 80028-2166. 


Figure 5 shows silicon-rich particles, marked 
by arrows, embedded in excess medium at the 
end of its path. The inset shows (at low mag- 
nification) the same particles dragged across 
the disk surface. Particles can also be 
dragged across the surface and shattered as a 
result of contact with the head (Fig. 6}. The 
inset shows the path of the HDI on the disk. 

Loose airborne particles can graze the sur- 
face of a disk at high velocity causing a 
gouge-like mark in the recording medium (bal- 
listic-type defects). Figure 7 shows a ballis- 
tic-type defect generated outside the head 
flight zone. The medium was displaced (as 
shown by the arrow) and the substrate was ex- 
posed, which resulted in a mound of material. 
A similar ballistic-type defect in the head 
flight zone (Fig. 8) would result in the remov- 
al and displacement of the mound of material. 
The displaced material is burnished down be- 
cause of repeated head/disk interferences 
(HDI). Measurement of the defect (Fig. 9) by 
an optical profilometer indicated that it was 
burnished down to approximately flying height 
level. 

By use of the Ferrofluid developing tech- 
nique (Ferrofluidics Corp., Nashua, N. H.), the 
scanning electron microscope can be a valuable 
tool in accessing the damage caused by an HDI 
(Ref. 1). The developed data tracks are rep- 
resented as white rectangles on recording 
media. Figure 10 shows the path of a particle 
of an HDI which resulted in the damage of the 
recording medium and caused a 100% loss of 
data, The HDI (Fig. 11) is a mass of contami- 
nation that was transferred to the disk from 
the head during flight. As a result of the 
contamination, a multitrack and multibit de- 
fect occurred. Data also can be lost in a 
subtle way. Figure 12 shows a particle shoved 
into the substrate that resulted in the loss 
of two bits of data. The loss of one or two 
bits of data can be as detrimental to data re- 
trieval as a multibit or multitrack failure. 

These techniques help to determine the root 
causes of large defects by furthering an under- 
standing of their formation and what materials 
are present, and will insure minimal impact to 
our users. 
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FIG. 1.--Comparison of head flying height with respect to human contaminants and airborne dust. 
FIG. 2.--Void in recording medium result of polishing operation done on the media. 

FIG. 3.--Void in recording medium result of contaminant being pulled out. 

FIG. 4.--Agglomeration deposited on medium while it was still wet. 

FIG. 5.--Silicon-rich particles embedded in excess medium (arrows). Inset shows path of 


particles. 
FIG. 6.--Silicon-rich particles shattered by contact with head. Inset shows path of particles. 
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FIG. 7.--Ballistic-type defect outside head flight zone. 

FIG. 8.--Ballistic-type defect inside head flight zone. 

FIG. 9.--3-D optical profilometer graph of ballistic-type defect in Fig. 8. 
FIG. 10.--Developed recording medium showing 100% loss of data. 

FIG. 11.--Developed recording medium showing multitrack, multibit error. 
FIG, 12.--Developed recording medium showing two-bit error. 
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USE OF METAL BLACKS FOR CAPTURE OF LOW-VELOCITY (<200 m/s) PARTICLES 


G. H. Bearman, J. G. Bradley and S. G. Davidson 


Collection of low-velocity (50-200 m/s) mi- 
cron-size dust particles is an upcoming chal- 
lenge for dust instruments aboard NASA's Comet 
Rendezvous and Asteroid Flyby (CRAF) mission, 
scheduled for launch in 1995. The scanning 
electron microscope and particle analyzer 
(SEMPA) is one of the CRAF dust analysis instru- 
ments.* The work reported here examines parti- 
cle capture in light of SEMPA's particular 
functional requirements. These requirements in- 
clude particle visibility for imaging and x-ray 
analysis, high contrast, no interfering x-ray 
lines, and collection without size or velocity 
discrimination. Collection techniques have 
been tested in our laboratory with dust from a 
free-expansion gas-drag dust gun that acceler- 
ates micron-size dust to 50-200 m/s, the ex- 
pected relative velocity of the spacecraft and 
the dust at the comet. The dust capture exper- 
iments were performed with two types of parti- 
cles: round ceramic spheres, 2-10 um in diame- 
ter, and 5-15ym aluminum oxide grains. The 
density of the ceramic spheres is %2.6 g/cm*; 
that of the grains, 14 gm/cm?. Irregularly 
shaped grains were used, as they more closely 
resemble the morphology of comet dust. Al- 
though it would be desirable to use fluffy ag- 
glomerates like those expected among the come- 
tary dust, we know of no way to make them. 
Capture of a micron-size particle at 50-200 
m/s requires slowing the particle down to where 
mechanical or electrostatic adhesive forces pin 
it to a substrate. The use of metal blacks as 
a collection substrate was suggested by Frisch 
and Igenbergs,* although for use at higher 
velocities, 500 m/s. Particles stop in the 
metal black by breaking or crushing the fila- 
mentary structures of the metal black, much 
like a collapsible car bumper. We have investi- 
gated metal blacks made by evaporation of met- 
als at several hundred millitorr of pressure 
onto a substrate. Experiments have demon- 
strated that the stopping power is related to 
the bulk density and structure of the black. 
The metal blacks are made by evaporating the 
metal in a static 200-700 millitorr pressure of 
argon in a belljar. Metal evaporation at these 
pressures allows formation of particles in the 
10-50nm range by nucleation. These particles 
are carried upward and outward by convection 
current and eventually precipitate onto nearby 
surfaces. The blacks are prepared on silicon 
wafers placed .2-4 cm above the level of the 
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evaporator boat; there is no line of sight to 
the boat to avoid thermal radiation from the 
boat that would otherwise remelt or sinter the 
blacks. Both the morphology and volumetric 
density of the metal black are a strong func- 
tion of the vertical and horizontal distance 
from the boat. The most effective capture 
coatings in our experiments were made at 4 cm 
above the boat and 4 cm horizontal from the 
boat. 

Copper blacks were investigated initially 
and were moderately successful at particle 
capture. However, the black had to be rela- 
tively thick, 10 um, for effective retention. 
As a result, the particles tended to bury them- 
selves below the surface and were analytically 
inaccessible, especially for samples with low 
bulk density. Gold blacks were also examined, 
partly because, like copper, they do not pose 
a serious interference for x-ray analysis for 
the elements of interest in cometary dust. 

Gold was used also because it was felt that 

the larger mass/unit area would be more effec- 
tive in absorbing energy from the impacting 
dust. Gold black yields the best results, with 
consistent and reproducible capture rates of 
~80% for particles 1-7um in diameter. The par- 
ticles were retained on or slightly below the 
surface, permitting x-ray analysis without dif- 
ficulty. Capture efficiency is calculated by 
counting particles and bounces in a visual 
field; bounces of even lum particles leave 
easily observed impact craters. Figures 1 and 
2 show some particles captured by the gold 
blacks. 

These initial tests have provided evidence 
that particle capture is related to the metal 
black density and structure; an overly dense 
or solid network bounces the particles off the 
surface, and a very spongy one collapses com- 
pletely and allows the particles to impact the 
substrate and again bounce. Profile views of 
the metal blacks demonstrate a clear connection 
between the morphology of the black and capture 
efficiency. A clean edge for imaging the pro- 
file is obtained after deposition by cleaving 
the silicon substrate; high-resolution SEM pho- 
tos show that this procedure cleaves the metal 
black as well. Figure 3 shows what is called a 
"spongy'' structure and Fig. 4 is a top view of 
the same after exposure in the dust gun. The 
dust particles are either deeply embedded or 
have created impact craters from hitting the 
silicon substrate and rebounding. Figure 5 is 
a side view of a different sample; the metal 
black appears to have grown in a "columnar" ar- 
rangement. Figure 1 is that sample as a dust 
collector; for the visual field of this sample 
the capture rate is 100%. The correlation be- 
tween morphology and dust capture is strong 
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enough to permit the use of side views as pre- 


FIG. 1.--50-200 m/s Ai,03 grains captured on goid black. There 
are 24 captured particles and one impact crater. 

FIG, 2,.--50-200 m/s Al,03, grains captured on gold black. There 
are 53 captured particles and 8 impact craters. 

FIG. 3,--Side view of a "spongy" gold black. 

FIG, 4.--Top view of sample in Fig. 3 after exposure in dust 
gun. Very few of the particles have been captured; craters 
from particles bouncing off substrate are very visible. 

FIG. 5,.--Side view of sample of Fig. 1; note vertical or 
"columnar" structure of metal black. 


2, W. Frisch and E. Igenbergs, "Metallic 


dictors of capture efficiency. dust collectors for low-velocity impacts," 
Metal blacks have been demonstrated to be Adv, Space Res. 6: 213, 1986. 


efficient collectors of low-velocity dust, 
typical of what is expected on the CRAF mis- 
sion. Particles captured on the best blacks 
are analytically accessible, as they are on or 
only slightly below the surface; however, par- 
ticle contrast on the substrate is poor. There 
may be some size discrimination fora given col- 
lection substrate, although the effect in the 
tested range of 1-7 um seems small. Testing 
for velocity discrimination is more difficult 
and has not yet been done. The behavior of 
this capture technique in an airstream is un- 
known, but it may have value in aerosol capture 
systems where rare particles must be captured 
and every one examined without handling. 
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AUTOMATION OF GUNSHOT-RESIDUE ANALYSIS BY FUNCTIONAL INTEGRATION OF A SCANNING ELECTRON 
MICROSCOPE AND AN ENERGY DISPERSIVE MICROANALYSIS SYSTEM 


M. H. Peeters, J. Antoine, V. Lamothe, and A. Viala 


Over the past ten years, the combination of 
scanning electron microscopy and energy disper- 
sive analysis has proved to be a good and reli- 
able tool for characterization of the different 
components of gunshot residue.+** The method 
reported has evolved from a qualitative tech- 
nique, involving a large amount of operator in- 
volvement, to a higher degree of quantifica- 
tion and automation allowing unattended analy- 
sis of gunshot residue samples. Most systems 
currently in use are restricted to detection of 
rather large (>2 um) particles.* As a conse- 
quence rather large surfaces {approximately 1 
cm?) have to be analyzed in order to yield suf- 
ficient statistical validity of the results. 
The system described here overcomes this limi- 
tation and is geared to high-speed automated 
unattended analysis, particularly suited to ap- 
plications such as gunshot-residue analysis. 


Equtpment 


The system (PHAX-Scan) is based on a Philips 
scanning electron microscope and an EDAX PV9900 
energy dispersive microanalyzer in combination 
with highly optimized software. The system 
makes use of the dual processor structure of 
the EDAX analyzer and of the bus structure of 
the Philips scanning electron microscopes. It 
is designed such that it performs a fully quan- 
titative data reduction, including background 
subtraction, and ZAF correction in (typically) 
100 ms. This improvement in data processing 
time (previously typically 10 to 40 s) makes it 
practical to perform high-speed high-volume 
particle classifications. The high-precision 
motor stage of the scanning electron micro- 
scope allows detection and later retrieval and 
review of submicron size particles. 


Method 


A particle search is first performed on dig- 
ital images of 1000 x 800 pixels. In order to 
be able to detect a particle, it must occupy at 
least a few pixels. The field width is there- 
fore selected according to the minimum particle 
size to be detected. Fields of 16 um up to 1 
mm can be covered in one digital image. The 
number of seek fields required for the full 
analysis will be defined by the magnification 
at which the SEM is set at the start of the 
unattended run. 
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The stage is moved to the first seek field 
and the magnification is adjusted automatical- 
ly. The beam is scanned over the specimen 
with a resolution of 1000 x 800 pixels. A bi- 
nary image is then formed of particles with a 
selected range of mean atomic number, as rep- 
resented by the backscattered response. The 
binary image is searched for particles. As 
soon aS a particle is detected, its size and 
shape are determined. During this process a 
preliminary spectrum is collected. The analy- 
sis of this spectrum allows the determination 
whether one or more of the elements typical 
for gunshot residue is present. The particles 
containing barium, lead, or antimony whose 
size and shape fall within the limits set by 
the user are accepted and their position is 
recorded. The beam moves to the center of the 
particle and an x-ray analysis is performed 
during a user-selectable time (for gunshot res- 
idue analysis typically 4s). 

The results of this quantitative analysis 
are compared to a user-defined library of com- 
positions. Since the library is based on abso- 
lute concentrations rather than k-values or 
relative intensities, it can be compiled from 
results obtained under totally different condi- 
tions. This procedure is repeated for each 
particle until the seek field is completed. 

The stage is then moved to the next seek field 
and a new image is collected. This is done un- 
til the whole area to be analyzed is covered. 
For each class, the number of detected parti- 
cles as well as the average area and particle 
size are printed out. Since all the data rel- 
evant to each accepted particle are stored on 
disk, further studies can be made by sorting 
the results on library class, particle size, or 
shape by calculating averages on subpopula- 
tions. 

For each accepted particle all relevant data 
can be called back and the particle can be dis- 
played on the microscope screen so that it can 
be analyzed in more detail if required. 


Experimental 


Gunshot residue has been collected from four 
different types of arms. The shots were fired 
on an outdoor shooting stand. Two hand weap- 
ons (.357 magnum, .22 LR pistol), a pump gun, 
and a .22 LR carbine were used. The residue 
was collected with double-sided adhesive tape 
(1 cm in diameter), mounted on an aluminum 
stub. The specimens were carbon coated. The 
stubs were mounted on a multispecimen holder 
and analyzed with a Phax-Scan system consisting 
of a Philips SEM525M and an EDAX PV9900 analyz- 
er. A surface of about 20% of each stub has 
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FIG. 1.--Accepted particle size distributions of various weapon types: 


(b) pump gun. 


FIG. 2.--Positive gunshot residue particle size distributions. 
FIG. 3.--Accepted particle size distributions of various weapons. 


> 2 um. (a) .22 LR pistol, (b) pump gun. 
been analyzed for particles with diameters be- 
tween 0.75 and 30 um. 


Results 


Table 1 shows the number of detected and ac- 
cepted particles for each analysis. The total 
analysis time is also indicated. 

The population of gunshot residue varies con- 
siderably as a function of the weapon type, but 
also as a function of firing conditions and 
type of ammunition used. In our case, it was 
necessary to analyze 20% of the stub to identify 
only few particles emitted by a .22 LR carbine. 
However, for other weapons more than sufficient 
particles are identified on this surface, so 
one could shorten the analysis time even further 
by reducing the analyzed area, with the preset 


4 8 16 32 64 pum 


16 32 64 pm 


16 32 64 


(a) 


pm 
.22 LR pistol, 


(a) .22 LR pistol, (b) pump gun. 
Particle search for particles 


particle count facility. 

Figure 1 shows size distribution histograms 
of the accepted particles (containing one or 
more element typical for gunshot residue). 
Figure 2 shows the distribution of particles 
containing Ba, Pb, and Sb. It is clear that 
the average size of the gunshot residue parti- 
cles (PbBaSb) are smaller in diameter than the 
average accepted particle. Figure 3 shows the 
size distributions of the accepted particles 
when only particles with a diameter bigger than 
2 wm were searched for. It is clear (cf. Fig. 
1) that this procedure limits the chance of de- 
tecting gunshot residue considerably. 


ConeLlustons 


The Phax-Scan system allows the detection 
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TABLE 1.--Number of particles and analysis time for various weapons. 


Time of Detected Accepted PbBaSb 

Weapon analysis particles particles particles 
.557 Magnum 3h27min a13 49 Zi 
.22 LR pistol 3h42min 834 222 155 
Pump gun 3h36min 1430 139 106 
.22 LR carbine 3h12min 547 51 Lt 


and identification of gunshot residue particles 
on a big surface in a time compatible with the 
needs of a police investigation. The majority 
of gunshot residue particles have a small di- 
mension (below 2 ym). It is therefore neces- 
sary to concentrate future investigations on 
these smaller particles. 
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CORRELATION OF PERMEABILITY TO PORE STRUCTURE BY SEM-IMAGE ANALYSIS 


C. A. Callender, W. C. Dawson, and J. J. Funk 


The geometric structure of pore space in some 
carbonate reservoir rocks can be correlated to 
petrophysical properties such as permeability 
(measure of fluid flow rate) by a quantitative 
analysis of pore structures in binaries gene- 
rated from SEM images. Reservoir rocks with 
similar porosities can have markedly different 
permeabilities. Image analysis identifies 
which characteristics of a rock are responsible 
for permeability differences. Imaging data can 
explain unusual fluid flow patterns which, in 
turn, can improve oil production simulation 
models. 


Sample Sutte 


Our sampling consists of 30 Middle East car- 
bonates having porosities ranging from 2] to 
28% and permeabilities from 92 to 2153 md (mil- 
lidarcies; the unit measurement of permeabili- 
ty). Although it is generally assumed that 
rocks with higher porosities have greater per- 
meability, in this sample suite engineering 
tests reveal the lack of a consistent relation- 


ship between porosity and permeability (Fig. 1). 


The analytical scheme of this study was de- 

signed to identify attributes of the pore sys- 
tem that influence the flow rate, because total 
porosity does not relate well to permeability.’ 


Analytical Scheme 


Thirty finely polished thin sections (30um- 
thick slices of rock, mounted on a glass slide) 
were studied petrographically to determine rock 
texture. Four petrographically distinct rock 
types (microfacies) were identified (Table 7 he 
The thin sections were then analyzed for pore 
structure characteristics by a Tracor Northern 
5500 EDS analyzer (IPP and SIA software pro- 
grams) and a 80386 microprocessor-based imaging 
system (Perception and Decisions Systems soft- 
ware). Between 30 and 50 SEM-generated back- 
scattered electron frames were collected (GW 
Electronics, Type 30 solid state BSE detector) 
per thin section. Because pore size varies 
markedly within individual thin sections, BSE 
frames were taken at several scales. Magnifi- 
cation combinations of 50x, 100x, 500x, 1000~x, 
1500x, and 2000x include views of micropores 


(1-Sum diameters) up to pores exceeding 1000 um. 


At least 15-20 frames were collected at each 
scale. 

Binaries of the pores were created by isola- 
tion of the gray level in the BSE image that 
represents only the pore space. The TN IPP/SIA 
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program was run on about 1200 different bi- 
naries representing the four different micro- 
facies. The resulting SEM-IA calculated total 
porosities were then compared with convention- 
ally measured total porosities from the same 
core plug. X-ray computed tomography (CT) was 
also performed every 2 mm along the length of 
the core plugs. These CT inspections helped 
identify extremely heterogeneous samples and 
confirm the belief that samples whose calcu- 
lated porosities did not match actual measured 
porosities are indeed heterogeneous (i.e., 
comprised of more than one microfacies). 


TABLE 1.-~Microfacies. 


A. Compacted, well-sorted, foraminiferal, 
peloidal, ooid grainstone. 
B. Compacted, moderately well-sorted, in- 
traclastic foraminiferal, peloidal grainstone. 
C. Compacted, poorly sorted, dolomitized, 
foraminiferal, peloidal, intraclastic grain- 
stone. 

D. Well-sorted, foraminiferal, ooid, peloi- 
dal grainstone with drusy rim cement. 


Discusston: Pore System Typtng 


Results of this study indicate that certain 
types of pore systems are associated with cer- 
tain ranges of permeability. Samples A and B 
have relatively high and low porosity values, 
respectively (Table 2); however, they both have 
high permeabilities. A comparison of each sam- 
ple's pore space binary (Figs. 3a and b) re- 
veals that both samples are dominated by chan- 
neltzed pore structures. Other samples, which 
possess similar porosity and pore size distri- 
butions but lack channels, have much lower per- 
meabilities (sample C; Table 2; Figs. 3c and 
5); these pore structures are compartmenta- 
Zized, Compartmentalized porosity occurs where 
effective pores, commonly enlarged by dissolu- 
tion (Fig. 5), are isolated or poorly connected 
to matrix porosity, thereby limiting effective 
pathways and reducing flow rates. Small pore 
stze has the potential effect of lowering per- 
meability. For example, sample D has high po- 
rosity, yet very low permeability (Table 2; 
Figs. 3d and 6). Pore size distribution cen- 
ters in the small size range, and the pore 
throat size distribution is skewed toward small 
sizes. 


TABLE 2,.--Petrophysical measurements. 


Sample Porosity (%) 
eenpee. eee 


Permeability (md) 


A 20.2 1060 
B 25am 961 
C 28.0 495 
D 28.5 212 
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FIG. 1.--Plot shows lack of predictable relationship between porosity and permeability. 

FIG. 2.--BSE image of sample A (microfacies A). 

FIG. 3.--(a) Binary of sample A: arrow indicates channelized pores; (b) binary of sample B: mi- 
crochannels connect large pores; (c) binary of sample C: isolated, compartmentalized pores; 

(d) binary of sample D: small, poorly connected pores. 

FIG. 4.--BSE image of sample B (microfacies C). 

FIG. 5.--BSE image of sample C (microfacies B). 

FIG. 6.--BSE image of sample D (microfacies B). 
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Results 


Pore connectivity, rather than absolute pore 
size, is the principal factor influencing per- 
meability. Pore size distributions can affect 
permeability through compartmentalization (iso- 
lated pore types). Pores, enlarged by dissolu- 
tion, or microchannels produce fairways (chan- 
nelization) that increase permeability. Pore 
systems can be classified (pore system typing) 
and correlated to flow patterns and permeabili- 
ty ranges, 
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AN ELECTRON MICROSCOPICAL STUDY OF SILICONE HYDROPHOBICITY IN COMMERCIAL GYPSUM WALLBOARD 


H. A. Freeman and Y. A. Peters 


Trimethyl endblocked methylhydrogen polysilaxane, 


DOW CORNING 1107 Fluid, is used to make 
moisture-resistant gypsum board, marketed as 
Dens Shield by the Georgia-Pacific Corp. in 
Decatur, Ga. The moisture-resistant board is 
produced as one of two types: sheathing or tile 
backer board. They differ in that the sheath- 
ing must have less than a 10% water pick-up and 
tile backer less than 5% water pick-up. 

The general production scheme is as follows: 
Gypsum is rehydrated CaS0,.2H,0. Gypsum is 
mined, calcined, and then rehydrated as in the 
following reaction: 


CaSO42H0 Heat CaSO, .1/2H0 
_ 

Gypsum -~H 20 Plaster of Paris 
HO CaSO, .2H,0 
_ 


Gypsum Board 


The hemi-hydrate as part of a slurry is 
dropped onto paper face stock. Typically, 
slurry consists of three separate mixtures 
are mixed in a pin mixer for a few minutes 
before being applied to the paper. The three 
components are {1) a water/fiber glass mixture, 
(2) an asphalt wax emulsion, and (3) a water, 
surfactant, and starch mixture. The slurry is 
dropped on the paper; a top sheet is added; and, 
as the gypsum rehydrates, the board "sets up.' 
The board is cut and then dried in a hot oven, 
about 550 F, after which it is wrapped and 
stacked. 

Asphalt wax has been traditionally used but 
has several drawbacks. It has a short life and 
must be shipped, stored, and used at 110-130 F. 
It also tends to weaken the board. DOW 
CORNING 1107 has no temperature restrictions 
and a long shelf life. Its use does not 
detract from the strength of the board and may 
in fact strengthen the overall gypsum structure. 
Several different silicone types were evaluated 
to provide the best combination of hydrophobi- 
city and structural integrity of the gypsum 
board product. Conclusions from these studies 
demonstrated that the methylhydrogen poly- 
siloxane type of silicone was preferred. 
However, it remained unknown where the silicone 
became localized to achieve this effect. 
Microanalyses were therefore performed in the 
analytical electron microscope to define the 
distribution of silicone in commercial gypsum 
wallboard samples. 
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Expertmental 


Gypsum samples were obtained which included 
those containing silicone and others to which 
no silicone had been added during manufacture. 
Analyses were performed in a JEM 2000FX 
analytical microscope operated at 200 keV and 
equipped with Noran Instruments Micro-ZHV and 
Microtrace energy dispersive x-ray spectro- 
meters. Scanning (SEM), transmission (TEM), 
and scanning transmission (STEM) images were 
correlated with the mapped distributions of as 
many as six different elements acquired 
simultaneously. Low-Z substrates and tilting 
specimen holders effectively minimized incor- 
poration of spurious x rays in the final 
spectra. Initial SEM examination of com- 
paratively thick sections showed large open 
voids surrounded by a porous matrix of 
recrystallized tabular gypsum crystals (Fig. 1). 
Dimple polished specimens from the same 
untreated control board showed a typical 
microstructure (Fig. 2a). Substantial Si 
occurred in electron dense particles scattered 
throughout the gypsum matrix (Fig. 2b). At 
first, it was felt that this Si content may 
have obscured the detection of Si derived from 
silicone in subsequent examination of treated 
samples. However, similar areas in the 
silicone-containing wallboard (Fig. 3a) showed 
not only analogous Si concentration in these 
discrete particles, but increased carbon and a 
moderate Si content in narrow zones around 
open voids (Fig. 3b). Images of these void 
linings (Fig. 4) demonstrated an increased 
electron opacity compared to that in the 
untreated wallboard (Fig. 2a). Moreover, 
spectra from these void linings showed no 
evidence of Al and K, both of which appeared 
prominently in spectra obtained from the 
discrete particles (Fig. 5). This association 
of elements allowed distinction between 
silicone and a probable silicate impurity with- 
in the gypsum microstructure. 


Results 


Results of this investigation showed that 
the silicone in the treated wallboard was 
preferentially localized discontinuously around 
the periphery of large, roughly spherical voids 
in the commercial gypsum product. It was con- 
cluded that this silicone distribution effec- 
tively sealed the wallboard interior from 
penetration by external moisture during sub- 
sequent use. 
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FIG. 1.--SEM micrograph of untreated gypsum wallboard fractured interior. Bar = 10 um. 

FIG. 2.--Dimple-thinned gypsum wallboard without silicone: (a) STEM image around void, (b) 
corresponding Si distribution. Bar = 1.9 um. 

FIG. 3.--Dimple-thinned gypsum wallboard containing silicone: (a) STEM image at void with dark 
electron dense lining, (b) Si distribution from silicone at arrow. Bar = 1.9 um. 

FIG. 4.--TEM micrograph of voids and matrix in gypsum wallboard containing silicone. 

Bar = 0.5 um. 

FIG. 5.--EDS spectra showing distinction between elemental content of large, discrete particle 
in control and void lining resulting from silicone incorporation in wallboard, upper and lower 
spectra, respectively. 
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USING AN TRON OVERLAYER TO ENHANCE CONTRAST IN SEMPA 


Raymond Browning, Thomas VanZandt, and Martin Landolt 


Thin iron overlayers on ferromagnetic samples 
are shown to be nonintrusive probes of the mag- 
netization of the underlying sample when one 
uses secondary electron microscopy with polari- 
Zation analysis (SEMPA) for domain microscopy. 
Domain images of the iron overlayer show that 
the local magnetization direction is indicative 
of that in the sample. However, the magnitude 
of the spin polarization reflects the magneti- 
zation of the iron overlayer. Thus, for mate- 
rials with low spin polarization, the iron over- 
layer provides a large signal enhancement. 


SEMPA of Magnettc Media 


The spin polarization of low-energy secondary 
electrons, emitted from a ferromagnetic sample, 
has a vectorial direction that is highly cor- 
related with the magnetization of the sample 
surface.!>2 SEMPA?>° uses a scanning electron 
microscope with an electron spin analyzer to 
image the surface magnetization. However, many 
systems of interest to the magnetic recording 
industry have a low secondary electron spin 
polarization, either because the material's 
magnetization is low (as with Co alloy films) 
or because surface treatments such as oxidation 
have reduced the spin polarization. The low 
spin polarized contrast from these samples means 
that detailed study of the characteristics of a 
recorded field is very time consuming. 
Typically tens of minutes are needed to collect 
a single image that may cover a very small part 
of a sample. As a result, it is difficult to 
provide sufficient information over the range 
of length scales needed to characterize the 
magnetic distribution. 

In this paper we report the development of 
a new surface preparation technique for SEMPA 
imaging that is easily implemented and that 
should remove some of the difficulties associ- 
ated with low contrast surfaces. The technique 
involves the in situ evaporation of a thin Fe 
overlayer onto the sample before SEMPA imaging. 
This technique is somewhat analogous to the 
well-known Bitter decoration method® in that an 
external feature on the magnetized surface is 
imaged. The techniques differs from the Bitter 
method in the use of a thin homogeneous marker 
film. The film thickness is of decisive 
importance. The film should be thick enough to 
be ferromagnetically ordered with a bulk-like 
Curie temperature, i.e., thicker than approxi- 
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mately 5 layers,’ but thin enough so that the 
contribution of the film to the magnetic free 
energy of the entire system can be neglected. 
Otherwise the sample's domain structure will 

change upon absorption of the marker film. 

In the instrument used for these studies, 
the sample must be moved out of the imaging 
position to deposit an Fe film. Thus, to 
demonstrate that the magnetization in an Fe 
overlayer film is a faithful representation 
of the sample surface magnetization, we have 
used a single-systal Fe whisker as a simple, 
identifiable magnetic system. The domain 
structure at the end of the wisker can be 
imaged in relation to a clear SEM signal. We 
can therefore return repeatedly to the same 
sample position. Spin-polarized images after 
ion cleaning, oxidation, and evaporation of an 
Fe overlayer can be referenced to one another 
very simply. Finally, we show an application 
of the Fe overlayer technique to a system of 
magnetic bits written in a Co-Ni alloy. 


Instrumental 


The experiments were performed with a 
recently constructed ultrahigh-vacuum (UHV) 
spin-polarized electron microscope.® This 
instrument consists of a modified scanning 
Auger microprobe and a high-energy Mott 
analyzer (Sherman function approximately 0.11 
at 50 keV}. The spatial resolution of the 
instrument for spin-polarized imaging is 50 nm. 
The sample is mounted with its surface normal 
to the electron beam and the instrument detects 
two components of polarization in the plane of 
the sample's surface. The sample can be lifted 
out of the microscope manipulator and moved 
around to different preparation stations. One 
station faces an ion gun; another, through a 
load lock, an Fe filament source. 

The two detected components of in-plane 
polarization are orthogonal, P, and P,, and 
can be plotted as a vector on a CarteSian plot. 
When the end points of the vectors are plotted 
for each picture element (pixel) in an image, 
the result is a scatter plot with lobes showing 
the main directions and magnitudes of the 
polarization (Fig. 1). The lobes in the 
scatter plot can be windowed with a software- 
generated graphics window, and the pixels with- 
in a window can be colored to produce a false- 
color image of the main directions of magneti- 
zation in a sample. These false-colored images 
are reproduced here in monochrome. 


Results from an Fe<l00> Whisker Surface 


The sample is a single-crystal Fe whisker 
of approximate dimensions 0.3 x 03 x 30 mn, 
aligned along the <100> direction. The whisker 
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FIG. 1.--SEM micrograph of end of Fe single 
crystal whisker. 


was mounted on a nonmagnetic aluminum holder 
with one <100> face normal to the electron beam. 
An SEM of the whisker is shown in Fig. 1 

The experiment proceeded in three steps. 
First, the whisker was cleaned by use of a 
500eV Ar ion beam and placed in the microscope 
stage for imaging. Second, the Fe whisker 
surface was oxidized in situ and re-imaged. 
Third, 2 nm of Fe was deposited on the oxidized 
whisker, and the whisker was again imaged. 

Figure 2 shows the spin-polarized image 
information, plotted as scatter diagrams of the 
polarization direction and magnitude with the 
respective images.? Figure 2(a) shows the image 
information after initial cleaning of the Fe 
whisker with 500eV argon ions. The argon ion 
cleaned surface shows a high-spin polarized 
signal (+31%), and the various directions of 
magnetization in the closure domains at the end 
of the whisker appear as well-separated lobes 
in the scatter diagram. The central region near 
zero polarization is from the nonmagnetic micro- 
scope stub. The spin-polarized image (Fig. 2b) 
is displayed as a false-color image which shows 
the spatial distribution of the magnetization; 
it is reproduced here in monochrome. Oxidiza- 
tion of the whisker surface in situ with 500L 
of oxygen produces a low-contrast surface. The 
scatter diagram of the image (Fig. 2c) shows 
very little separation. Figure 2(d) shows the 
result of evaporating 2.5 nm of Fe on the oxi- 
dized surface. It can be seen that the full 
contrast of Fig. 2(a) is very nearly restored. 
Also, the corresponding false color image 
Fig. 2(f) is nearly identical with that of 
Fig. 2(b) and the polarization is +27%. 
Deposition of nonmagnetic films of Au on the 
whisker removes the correlation between Fe over- 
layer and whisker. This result suggests that 
short-range exchange forces through the oxide 
are responsible for the overlayer/substrate 
interaction. In this case the enhanced image 
is expected to follow the magnetic structure of 


the substrate even at very high spatial 
resolution. 


Applteatton to a Co-Nt Hard Disk 


The Fe overlay method will have its greatest 
application on samples that have inherently 
low spin polarization. Many of these materials 
have a higher coercive force than Fe, so that 
it is most likely that the Fe overlayer will 
only weakly disturb the magnetic system and 
effectively act as a nonintrusive probe. We 
tested this assumption with a high-resolution 
image from a Co-Ni alloy hard disk.? The 
sample is initially saturated in one direction 
(DC erased), and then a series of bits are 
written in which the magnetization is reversed 
with respect to the background. Initially the 
sample is cleaned with 500eV Argon ions, which 
gives a typical value of +7.5% polarization 
between the two directions of magnetization. 
The sample is then exposed to 104 L of oxygen, 
which reduces the spin polarization below the 
detection limit. We evaporate 2.5 nm of Fe 
onto the sample before imaging. Figure 3 
shows the scatter diagram and false-color 
image for a typical area showing a written 
track. These are raw unsmoothed data and show 
a polarization contrast of +22%. From the 
DC-erased part of the disk it can be shown that 
the magnetization directions are the same as 
found on the ion-cleaned directions, so that 
the coupling mechanism may be the same for 
both the oxidized Fe whisker and the Co-Ni 
alloy. The mark space ratio within the track 
is 1:1, and the ripples at the edges of the 
bits, which are due to the demagnetizing fields 
associated with forming of the bit patterns, 
can clearly be seen. Thus, there is no evi- 
dent for any modification of the magnetic 
structure on the part of the Fe marker film. 


Cone luston 


The evaporation of a thin film of Fe as 
method of enhancing the spin-polarized contrast 
in SEMPA is shown to be a nonintrusive probe 
of the magnetic structure of recording media. 
The enhancement can lead to an order-of- 
magnitude increase in the imaging speed.!? 
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FIG. 2.--(a) Scatter diagram of polarization data from spin-polarized image of ion-cleaned Fe 
whisker; (b) monochrome reproduction of false-color image produced by assigning colors to 
regions of scatter diagram; image size, 290 um microns. (c) and (d) Scatter diagram and false 
color image of whisker following oxidation (e) and (f) Scatter diagram and false-color image 
obtained after evaporation of 2.5 nm of Fe onto oxidized whisker surface. 
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FIG. 3.--Spin polarized image of magnetic bits written in Co-Ni alloy. Sample preparation used 
2.5 nm of evaporated Fe. (a) Scatter diagram of polarized image data; (b) monochrome reproduc- 
tion of false color image produced by windowing lobes in scatter diagram. Image size, 
approximately 5 um. 
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ELECTRON BEAM INDUCED CURRENT STUDY OF MULTILAYER STRUCTURES 


Z. J. Radzimski, A. Buczkowski, J. C. Russ, and G. A. Rozgonyi 


The electron beam induced current (EBIC) tech- 
nique is a well-recognized method for character- 
ization of semiconductor materials.!*2 The cur- 
rent generated by the electron beam and collect- 
ed by a p-n junction or Schottky contact depends 
on many factors, such as the energy of incident 
electrons, the thickness of "dead"! layer, space- 
charge region width, carrier diffusion length, 
etc. For bulk uniform semiconductor material 
with diffusion length much larger than the 
electron beam penetration depth, a high ratio 
of the collected current to the electron beam 
current can be achieved. For keV electrons the 
ratio may be of the order of several thousand, 
which makes this technique a very sensitive tool 
for studying electric-field distributions and 
defect-related phenomena. However, in modern 
device structures @ reduced volume of active 
semiconductor is available, e.g., in silicon on 
insulator (SOI) or in thin multicomponent 
heterostructures. In these cases the total 

EBIC current may be significantly reduced if the 
structure thickness is smaller than the penetra- 
tion depth of electron beam, in comparison with 
bulk material. 

Since the energy loss distribution of the 
primary beam is not uniform and varies with 
beam energy, it is not straightforward to pre- 
dict the optimum imaging conditions for using 
this technique. Moreover, the energy losses in 
an ohmic or Schottky contact (which can be of 
the same order of magnitude or higher than with- 
in active device region) complicate this pre- 
diction. Generally, none of the common analyt-~ 
ical models, which are based on an assumption of 
a point-like region of electron beam 
generation, °>+ can be used satisfactorily for 
multi-layered and/or SOI structures, and a 
limited number of data has been published on 
this subject.° In this report we describe a 
Monte Carlo technique that simulates the 
electron-beam interactions in thin multilayer 
structures. This approach can be satisfactorily 
used to optimize the experimental conditions to 
obtain the highest signal-to-noise ratio, and 
predict precisely the information depth for 
these conditions. Both the theoretical and 
experimental data for EBIC gain are used to 
illustrate this optimization process. 


Monte Carlo Program 


The Monte Carlo program used in this work is 
based on earlier single scattering programs 
developed by Shimizu,® Myklebust,’ and Joy® and 
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their co-workers. The program, written in 
Pascal, was modified to provide a simulation 
of the electron beam interactions with thin 
multilayer structures.’ The program has been 
successfully applied to structures with internal 
variations in composition or density and/or 
surface irregularities,!9 which are not gener- 
ally dealt with in Monte Carlo programs. 

The additions provide the following 
capabilities: 


1. Arbitrary regions may be defined as 
polygons in the X-Z plane. These define 
volumes that extend indefinitely in the Y 
direction (parallel to the specimen surface). 
The polygons may have any number of sides, and 
so may approximate curved surfaces. If over- 
lapping regions are defined, the program uses 
whichever is the highest numbered. This makes 
it easy to insert regions within larger ones, 
to assemble complex structures. 

2. The regions may be beneath, at, or 
above the specimen surface. This allows the 
specimen surface to be irregular and composed 
of different regions, for example, a space 
charge region, or other regions with different 
diffusion length. 

3. Each region's composition can be entered 
in weight percent, consisting of any number of 
elements, for example, Schottky contact metal, 
Silicon dioxide or silicon. 


The EBIC current was calculated for a simple 
one-dimensional geometry, i.e., the depletion 
layer separating electron-hole pairs spreads 
out to infinity in the x- and y-directions. A 
point-type generation function whose location 
is the actual location of an incident electron 
energy loss event has been assumed. The col- 
lection efficiency of electron-hole pairs was 
assumed to be 100% for carriers generated with- 
in the depletion layer. Outside this layer an 
inverse exponential function of depth was 
assumed with the effective diffusion length as 
a parameter. The carriers generated within 
ohmic or Schottky contacts, in any insulator 
layer and beneath this layer, were not taken 
into account. 


Results and Disscusston 


The Monte Carlo calculations were conducted 
for three different semiconductor structures 
with a Schottky contact (200 A of Al). In the 
first sample a contact of variable thickness 
was assumed to be on bare silicon. The second 
was a layered structure deposited on substances 
with different diffusion lengths, and the third 
one a silicon on insulator structure. If the 
multilayer heterostructure consists of several 
layers, each with approximately the same 
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FIG. 1.--Comparison between simulated and measured gain for p-n junction diode as a function of 


accelerating voltage for various thicknesses of ohmic contact metal. 


diffusion length, 50 um; junction depth, 1 um. 


Substrate: bulk silicon, 


FIG. 2.--Simulated gain vs electron beam energy for a Schottky type diode for various space 


charge region widths. Substrate: bulk silicon, 


2 um; diffusion length of layer, 20 um. 


diffusion length, such a sample may be con- 
sidered as a bulk silicon. The EBIC signal 

in this case increases.with energy if the dif- 
fusion length is much larger than the penetra- 
tion of an electron beam, both in p-n junction 
and Schottky type contacts. The simulation 
data for a lum deep junction fabricated in 
silicon with 50um diffusion length (the para- 
meters of device studied experimentally) are 
shown in Fig. 1. However, gain depends strongly 
on the contact thickness, as shown on the same 
figure for a Cu contact 150 and 300 nm thick- 
ness. The theoretical data are in good agree- 
ment with the experimental results. 

The experimental values of gain were calculated 
as the ratio of EBIC current to the incident 
beam current measured with a Faraday cage. 

The beam current was kept low 


diffusion length, 20 um. 


FIG. 3.--Simulated gain vs electron beam energy for a layered structure with a Schottky type 
diode, and substrate diffusion length as the parameter. 


Top layer thickness: (a) 1 um, (b) 


(tens of picoamperes) to maintain low injec- 
tion conditions. 

Generally the gain increases monotonically 
with electron beam energy if the diffusion 
length is much larger than the beam penetra- 
tion depth. In this case one can also easily 
predict the information depth of EBIC tech- 
nique, which is approximately equal to the 
maximum penetration depth of primary electrons. 
The other factor to be taken into account is 
the space charge region (SCR) width W. The 
SCR is the most effective region for charge 
collection (100%). If the width of this 
region is comparable to the beam penetration 
depth, than most of the generated carriers 
contributes to the EBIC current (see (Fig. 2 
for a 4um-wide SCR of a Schottky contact. 

For a very narrow SCR (the case of highly 
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FIG. 4.--Simulated contribution to EBIC signal from various regions of layered structures with 
Schottky type diode. Substrate diffusion length, (a) 20 um, (b) 0.2 um, layer thickness, 2 um, 
diffusion length of layer, 20 um. 

FIG. 5.--Comparison between simulated and measured gain for a 200A Al Schottky diodes fabricated 
on silicon-on-insulator substrates as a function of electron beam energy, with superficial layer 
thickness as parameter. 

FIG. 6.--Simulated gain as function of Schottky contact thickness for silicon-on-insulator 
substrate. Effective diffusion length of top layer, 0.2 um; layer thickness, 0.2 um. 


Schottky contact. The simplified case of a 
structure having a top layer with 20um diffusion 
length and two different thicknesses (1 and 2 
um), deposited on substrates with L = 20, 2, 

0.2 um (i.e., low, medium, and high doping con- 
centrations, respectively) has been studied. 

The simulated data are shown in Fig. 3. The 
case when L is 20 um for both layer and 


doped sampie) the collection efficiency 
decreases when the penetration depth is much 
larger than SCR width. That is also true for 
materials with long diffusion lengths. The 
example is shown in Fig. 2 for W = 0.2 um and 
substrate with L = 20 um. 

In thin multicomponent heterostructures both 
parameters, diffusion length and SCR width, have 


to be carefully considered in order to optimize 
the electron beam for maximum EBIC signal and 
accurate estimation of the information depth, 
especially when the layers differ significantly 
in electrical properties, in terms of diffusion 
length. The total EBIC signal may be signifi- 
cant smaller (e.g., a thin layer on a highly 
doped substrate) because of the reduced carrier 
diffusion from the substrate toward the surface 


substrate can be considered as uniform bulk 
Silicon. When the diffusion length of the 
substrate is much smaller than the penetration 
depth of the electron beam, the gain is 
significantly reduced. As expected, the gain 
is smaller for a lum-thick layer in comparison 
with a 2um layer. For the lum layer deposited 
on a highly doped substrate (with L = 0.2 um) 
there is an optimum energy, between 10 and 
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15 keV, at which the highest gain can be 
obtained. For higher energies the maximum gen- 
eration of carriers occurs in the substrate, 
from which the carriers have limited possibility 
of reaching the surface space charge region. 

The contribution of carriers generated in 
each layer to the total EBIC signal can be 
easily addressed by Monte Carlo simulation. In 
this way the information depth can be precisely 
predicted. In this paper the contribution to 
gain was calculated for three regions: space- 
charge region, active top layer, and substrate, 
ror the structure in Fig. 3(b), which has a 
2um-thick epilayer and a 20um diffusion length. 
Two configuration were assumed: the first one 
1s a low doped substrate with L = 20 um; the 
second, L = 0.2 um. The first structure can be 
considered as uniform bulk silicon. The 
theoretical data for both structures are shown 
in Fig. 4. The gain for each structure is pre- 
dicted to be the same up to the energy at which 
the maximum carrier generation occurs in the 
top layer. The gain vs energy dependence 
reaches a maximum at 15 keV for substrates with 
L = 0.2 um and remains constant for higher 
energies, since the carriers generated in the 
substrate, having short diffusion lengths, 
cannot reach the SCR. Therefore, the informa- 
tion depth of EBIC remains the same for accel- 
erating voltages higher than 15 keV. 

Another interesting case is for a semicon- 
ductor isolated from its substrate by a thin 
insulator layer (SOI). The geometries used for 
simulations were chosen to match the samples 
actually used in the experimental part of this 
work. The theoretical data presented in Fig. 5 
show how significantly the gain decreases with 
a decrease in superficial layer thickness. For 
thicknesses of a top semiconductor layer smaller 
than the penetration depth of the electron 
beam, only a small portion of the incident 
electron energy that is lost in the top layer 
contributes to the electron beam induced 
current. Moreover, there is an optimum beam 
energy at which the gain reaches its maximum 
value for a particular silicon thickness. 

To verify these data experimentally a series 
of Al Schottky contacts, 50 nm thick were fab- 
ricated on SOI structures and bulk silicon. 

The SOI substrates were prepared by oxygen 
implantation, which produces a 0.2um superficial 
silicon layer separated from the silicon sub- 


strate by 0.4 um of buried silicon dioxide. The 
0.5 and 4um-thick superficial layers were 
obtained by a subsequent epilayer growth. The 


final geometrical configuration of the samples, 
which were essential for comparison with theo- 
retical calculations, was determined by angle 
polishing and interface delineation. (For 
details of material and sample preparation see 
Ref. 11.) Schottky depletion widths, required 
for Monte Carlo simulations, were determined 
from capacitance vs voltage curves. The dif- 
fusion length of the bulk silicon sample was 
measured by a laser beam induced current (LBIC) 
technique, and an effective diffusion length was 
taken for the SOI layer. The experimental data 
(Fig. 5} are in excellent agreement with the 
Monte Carlo simulations. Some discrepancy 
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between the experimental and theoretical data 
was observed at low beam energy (5 keV), where 
the gain is very sensitive to the Al contact 
thickness, as shown theoretically in Fig. 6. 
The data presented in Figs. 5 and 6 indicate 
that the optimum conditions for an EBIC study 
of thin SOI structures require that not only 
the beam energy but also metal contact thick- 
ness be carefully selected. The optimum metal 
contact does not have to be the thinnest one, 
as in the case of bulk silicon. 


Conelustons 


The optimization of the imaging and test 
conditions to study the electrical properties 
of thin multilayer heterostructure by the EBIC 
technique is very important, and the analytical 
approaches known for uniform bulk semiconductor 
materials cannot be applied. In the multilayer 
semiconductor structures the EBIC signal and 
the information depth depend strongly on the 
thickness and diffusion length of each layer. 
The Monte Carlo method is a very valuable tool 
to study this problem theoretically, because 
it permits a proper definition of the energy 
dissipation function for multilayer structure, 
and carrier diffusion mechanism through semi- 
conductor layers of various electrical 
properties. Using this method one can sample 
the contribution of different layers to the 
total gain and in this way also define the 
"real'"' information depth. 

A series of simulation were performed for 
layered structures with the active layer placed 
on semiconductor as well as insulator 
substrates. The collection efficiency was 
discussed as a function of metal contact 
thickness, top active layer thickness, and dif- 
fusion length of substrate and layer for 
various energies of primary electrons. 

Although we have illustrated the application of 
the Monte Carlo method for relatively simple 
structures, it can be used satisfactorily to 
predict the EBIC signal in any combination of 
electrically active and nonactive layers. 
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MONTE CARLO MODELING OF SECONDARY ELECTRON YIELD FROM ROUGH SURFACES 


John C. 


Monte Carlo programs are well recognized for 
their ability to model electron beam interac- 
tions with samples, and to incorporate boundary 
conditions such as compositional or surface 
variations that are difficult to handle analy- 
tically. This success has been especially pow- 
erful for modeling x-ray emission and the back- 
scattering of high-energy electrons. Secondary 
electron emission has proved to be somewhat 
more difficult, since the diffusion of the gen- 
erated secondaries to the surface is strongly 
geometry dependent, and requires analytical 
calculations as well as material parameters. 
Modeling of secondary electron yield within a 
Monte Carlo framework has been done by use of 
multiple scattering programs, but is not readily 
adapted to the moderately complex geometries 
associated with samples such as microelectronic 
devices, etc.1~? 

This paper reports results based on a differ- 
ent approach, in which simplifying assumptions 
are made to permit direct and easy estimation 
of the secondary electron signal from samples 
of arbitrary complexity. The single-scattering 
program that performs the basic Monte Carlo 
simulation (and is also used for backscattered 
electron and EBIC simulation) allows multiple 
regions to be defined within the sample, each 
with boundaries formed by a polygon of any num- 
ber of sides.* The regions may be below, at, 
or above the nominal specimen surface, and need 
not be convex. Each region may be given any 
desired elemental composition, expressed in 
atomic percent. 

In addition to the regions comprising the 
primary structure of the sample, a series of 
thin regions are defined along the surface(s) 
in which the total energy loss of the primary 
electron is summed. This energy loss is as- 
sumed to be proportional to the generated secon- 
dary electron signal that would be emitted from 
the sample. The only adjustable variable is 
the thickness of the region, which plays the 
same role as the mean free path of the secon- 
dary electrons in an analytical calculation. 
This is treated as an empirical factor, similar 
in many respects to the A and e« parameters in 
the Joy Model.? 

One can determine the value for the appro- 
priate thickness of the surface region for a 
particular material composition can be done by 
generating curves of total deposited energy as 


John C. Russ is at the Materials Science and 
Engineering Department, North Carolina State 
University, Box 7907, Raleigh, NC 27695. Sup- 
port for this work was provided by the Micro- 
electronics Center of North Carolina. Lorraine 
Maynard, at MCNC, measured the SEM signal pro- 
files. 


Russ 


a function of accelerating voltage and thick- 
ness, and comparing them to the measured secon- 
dary electron yield curves for planar surfaces. 
Figure 1 shows these results for silicon; com- 
parison to measured data? shows that a region 
about 150 A thick in silicon matches the em- 
pirical results rather well; the peak lies near 
1 keV, and changes in the layer thickness as 
small as 25 A shift the peak higher or lower. 

The program reads a disk file containing the 
specimen geometry (including the surface lay- 
ers) and repeats the Monte Carlo simulation 
for a user-selected number of electrons as the 
beam incidence point is traversed across the 
specimen in small steps. The resulting calcu- 
lated secondary electron yield values are saved 
in disk file, and are subsequently plotted to 
show the predicted signal profile for the de- 
vice geometry and beam voltage chosen. 

By comparing measured secondary electron 
signal profiles on actual devices with the sim- 
ulated data, we have found that for materials 
ranging from SiO, and photoresist to metalliza- 
tion of aluminum and gold, region thicknesses 
in the range from 100 to 200 R produce fair 
agreement. Figure 2 shows an example in which 
profiles across the edge of a metallized alumi- 
num strip on SiO, were measured in a Hitachi 
S-6000 SEM at low accelerating voltages (1-2 
keV). Figure 3 shows the simulated profiles 
for the same geometry. The model predicts 
(and the measured profiles show) a reduction in 
contrast and variation in the shape of the sig- 
nal along the highly sloped sidewall as the ac- 
celerating voltage is varied. 

Figure 4 shows simulated data for a secon- 
dary electron signal profile across the edge 
of a line of SiO, on silicon. It is interest- 
ing (and potentially very important if secon- 
dary electron profiles are to be used for de- 
vice metrology) to note that the extrema and 
inflection points in the profile do not align 
with the corners of the actual structure, and 
that this displacement is a function of volt- 
age. 

This model appears to produce acceptable re- 
sults for investigating the effect of measure- 
ment conditions, specimen geometry and composi- 
tion, and data-reduction algorithms on the ac- 
curacy of SEM metrology values. It may also be 
possible in the future to extend it to include 
the effects of charging within the samples, 
which is a particular problem even at low ac- 
celerating voltages with resist and some oxide 
structures. 

The Monte Carlo program discussed here is 
written in Pascal to run on Macintosh compu- 
ters, and is available from the author. (To 
receive source code, please send a formatted 
disk and return envelope.) 
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FIG. 1.--Effect of variation in depth of surface layer 
used to estimate secondary electron yield on total 
modeled signal from silicon as electron accelerating 
voltage is varied. 

FIG. 2.--Measured secondary electron signal on trace 
of aluminum on silicon oxide. 

FIG. 3.--Simulated secondary electron profile across 
edge of trace of aluminum on silicon oxide. 

FIG. 4.--Simulated secondary electron profile across 
edge of 0.5um high trace of Si0, on silicon. 


Secondary slectron signal (arbitrary units) 
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il 
Quantitative Microanalysis in Biology 


COMPARISON OF QUANTITATIVE X-RAY IMAGING AND RASTER PROBING 
IN HEART CELLS EXPOSED TO SODIUM-FREE MEDIA 


Mary Carney, Ann LeFurgey, L. A. Hawkey, Peter Ingram, and Melvyn Lieberman 


Quantitative biological electron probe x-ray 
microanalysis (EPXMA) can make use of two 
approaches to examine samples: static raster 
probing and quantitative x-ray jmaging.! Effic- 
ient use of microanalytical equipment requires 
intelligent decisions on the appropriate strat- 
egy to optimize data collection. A low resol- 
ution, short dwell time map (for example, 

64 x 64 pixels x 2 s) may survey one to several 
cells at low magnification and provide adequate 
statistics for many structures and elements. 
However, low concentrations of elements present 
within cells or subcellular compartments (e.g., 
Ca) may require the acquisition equivalent of 
long static raster probes, increased numbers of 
images from low-resolution maps, higher- 
resolution maps, longer dwell-time maps, or a 
combination of these options. Available instru- 
mentation permits two approaches. Differences 
between the two approaches are reflected in the 
total area sampled and the amount of signal 
collection time. In the mapping case the x-ray 
signal from a single acquisition site or group 
of pixels may be acquired for few to many 
seconds. The number of sites sampled depends 
on the magnification and the pixel resolution 
chosen. In investigations incorporating both 
static probe and map data, it is appropriate 

to verify that probe values and map values are 
comparable. In addition, by examination of 
different regions of the same mapped organelle, 
the homogeneity of that organelle can be eval- 
uated in a fashion that is not practical with 
static probing. 

Within heart muscle cells, mitochondria, 
nucleus, cytoplasm, and sarcoplasmic reticulum 
have been viewed as subcellular compartments. 
In addition to fulfilling a characteristic 
function in the cell, these compartments play 
a role in maintaining the ionic homeostasis of 
the cell.* A knowledge of the compartmental 
content is fundamental to the understanding of 
the physiological mechanisms associated with 
ion and water transport. We examined results 
obtained from raster probe and mapped images of 
cultured heart cells. In these cells EPXMA can 
be used to observe the results of ion gradient 
perturbations, brought about by incubating cells 
in low-Na or Na-free media.*»* Such experi- 
ments contribute to the characterization of 
coupled transport mechanisms, e.g., Na-Ca 
exchange. 
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Sample Preparatton 


Cell Culture. Aggregates of heart muscle 
cells were obtained from muscle-enriched cells 
of ll-day-old embryonic chick hearts.° The 
cultures were incubated at 37 C in a humidified 
chamber containing 4% CO» and 96% air. Cells 
cultured under identical conditions for 3-4 
days were then transferred to either modified 
Earle's balanced salt solution (MEBSS) or 
MEBSS in which all sodium was replaced with 
trimethyl-ammonium chloride and choline 
bicarbonate. © 


Cryopreservatton. After incubation for 
4 min in the above solutions, the cultures 
were observed by light microscopy and small 
(50-100um) spontaneously beating aggregates 
were chosen for rapid freezing. Aggregates of 
cells were withdrawn from the medium into a 
pipette attached to a syringe and placed ona 
cryomicrotome specimen stub precoated with a 
drop of 20% gelatin solution. The aggregate 
on the specimen stub was rapidly plunged into 
liquid nitrogen-cooled liquid propane and then 
stored under liquid nitrogen. Average time 
from withdrawal of the aggregates from the 
culture dish to freezing was < 20 s. Frozen 
aggregates from each experiment were then 
cryosectioned at <-140 C. The samples were 
freeze dried and carbon coated prior to EPXMA. 


X-ray Data Acqutsttton 


Instrumentation. Energy-dispersive spectra 
were acquired by a transmission electron micro- 
scope equipped with a scanning module (STEM). 
The microscope (JEOL JEM1200EX) was operated 
with a lanthanum hexaboride filament at 80 keV 
in the STEM mode. The condenser lenses were 
set to obtain probe currents of approximately 
1 nA in the probe mode and 10 nA in the mapping 
mode. The STEM was equipped with an energy- 
dispersive x-ray detector (Tracor Northern), 
which was mounted normal to the beam direction 
(side entry configuration) and contained a 
30mm?Si(Li) crystal. The coldstage was 
eucentrically tilted at 35° from the horizontal 
toward the energy-dispersive detector, which 
was placed close to the sample such that the 
solid angle subtended was as large as possible, 
i.e., approximately 0.13 sr. 


Spectral Acquisttton, Freeze-dried cryo- 
sections (<100 nm thick) were analyzed on the 
STEM. The sections were mounted on 200-mesh 
fine bar nickel grids, within a low background 
cryotransfer stage (Gatan 626). A micro- 
computer (Macintosh II) controlled the on-line 
acquisition, spectral processing, and display 
of data and images.’ Mitochondria were ideal 


test regions among organelles because an 
individual mitochondrion can usually be recog- 
nized, and with allowances made for orientation 
changes, an area of a mitochondrion could be 
relocated repeatedly. X-ray maps and raster 
probes were obtained for physiologically impor- 
tant elements. The maps were acquired at 
8000-10 000x, 19 C, 4s dwell time per pixel, 

and a pixel resolution of 128 x 128. The 500s 
raster probes were obtained at 100 000x at -119 
C from an .0.5um? raster area within a previous- 
ly mapped mitochondrion. The positions of the 
mapped and probed mitochondria were noted on a 
photograph to facilitate positive identification 
of the paired mapped and probed structures. 
Spectra from probes and maps were analyzed by 
the Hall procedure for ultrathin specimens® and 
quantitation was done by a multiple-least- 
squares fitting routine on filtered x-ray 
spectra, ? which incorporated derivative cor- 
rection procedures for K-Ca peak deconvolution.!° 


Results 


A map of a control heart cell aggregate is 
shown in Fig. 1. A portion of the first panel 
(STEM), a STEM image with a nucleus and mito- 
chondria, is enlarged in the adjacent panel 
(STEM-ZOOM). The remaining images are quanti- 
tative elemental maps of the elements assayed. 
The sodium, magnesium, phosphorus, sulfur, 
chlorine, and potassium maps are shown. All 
areas of the image may be analyzed for concen- 
tration values. The content value of all 
elements within an outlined region is obtained 
by enlarging (''zooming") and then outlining the 
various regions of a mitochondrion. In seven 
mitochondria, opposite ends (referred to as the 
"top'"' and "bottom" regions) were sampled. 
Elemental content from equally sized areas 
(6 pixels) were obtained for the top and bottom 
regions (Table 1). The sodium content of mapped 
and probed mitochondria from both control and 
experimental cells is presented in Table 2. A 
500s raster probe acquisition time contrasts 
with a maximum 96s acquisition time of a mapped 
mitochondrion. 


Diseusston 


With mapping it is possible 
ganelles (here, mitochondrial) 
than is realistically possible 
probes. The digital nature of the map is 
evident in the enlarged region of Fig. 1 (STEM- 
ZOOM). It is possible to obtain content 
measurements from a single pixel, several 
pixels, or the entire mitochondrion. The "top" 
and "bottom" regions of the mitochondrion are 
not statistically different. The top and 
bottom values are the average of 6-pixel 
regions acquired at 4 s per pixel; thus, a total 
top or bottom counting time of 24 s. When the 
elemental contents of the regions are compared 
with the contents of mapped whole mitochondria 
(data not shown), no differences are found. 

The whole mitochondria value was obtained by 
outlining the entire mitochondrion. The whole 
value was thus based on 13-24 pixels (depending 


to sample or- 
more thoroughly 
in static raster 


on the size of the mitochondrion) and a total 
counting time of 52 to 96 s. The mapped and 
probed comparisons of experimentally manipulated 
cells show the experimental mitochondrial 

sodium values to be 7% (probe) or 10% (map) of 
control values. The probe sodium control value 
is higher than the mapped control value, but 

not significantly so by unpaired Student's t 
test. The low sodium values are similar to 

each other. 

The sodium response to reversal of the 
sodium gradient follows the same trend as in 
the quantitative values reported previously for 
cultured heart cells!! and rabbit papillary 
muscles. The 4 min exposure of heart aggre- 
gates to zero sodium conditions lowered sodium 
in cytoplasm (data not shown) as well as in all 
analyzed mitochondria. Mapping permits the 
simultaneous observation of all organelles/ 
compartments in a manipulation. EPXMA observa- 
tions of the magnitude and direction of ele- 
mental changes within an organelle, and of the 
interorganelle rates of elemental changes 
(e.g., cytoplasm rates vs mitochondrial rates) 
enhance the understanding of cellular ion 
movement. Mitochondria are convenient 
organelles to track in combined probe/mapping 
studies. In examining various regions of 
mitochondria, the elemental contents of the 
mapped regions were similar to each other and 
to the entire mapped mitochondrion. In pro- 
ceeding with EPXMA-directed questions involving 
perturbation of the ion gradients and efforts 
at characterization of coupled transport 
mechanisms, it is necessary to know how, on a 
working basis, the map and probe modes compare 
and how their similarities can be optimized. 
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FIG. 1.--Scanning transmission electron micrograph and quantitative energy-dispersive x-ray 


images of control heart aggregate cryosection. 


Gray scale is relative to each element: Na, P, 


Cl, and K maps are scaled with a low (black) of 0 and a high (white) of 700 mmol/kg dry weight. 
Mg is scaled from 9 to 200mmol/kg dry weight; and S, from 0 to 300mmol/kg dry weight. Arrow 
on STEM image indicates mitochondrion which is zoomed in adjacent panel. 


TABLE 1.--Elemental content from opposite ends 
('top" and "bottom'') of paired control 
mitochondria. Content (mmol/kg dry wt) of 
cultured heart cell mitochondria as determined 
by EPXMA. 


Na — K Eo. 
TOP | 86 + 10 705 + 22 464 + 17 
BOTTOM | 67 + 10 697 + 30 448 + 19 


Values are the average +SEM, n = 7, of 6-pixel 
mapped analysis sites. No significant differ- 
ences were found within an element. 


TABLE 2.--Sodium content (mmol/kg dry weight) 
in cultured heart cell mitochondria during 
control and zero Na conditions as determined 
by EPXMA raster probes and quantitative images. 


_PROBE__ MAP 
CONTROL 116 + 10.7 86.5 + 10.0 
n= 38 n= 7 
Q Na 8.6 + 2.2* 8.7 + 6.8* 
n= 19 n= 18 


n = number of raster probes (500 s) or 
number of mapped analysis sites + standard 
error of the mean. 

*Significantly different relative to control 
as determined by Student's test (p<0.001). 
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ATRIAL SPECIFIC GRANULES: 


C. Zhong, Z. Yu, W. 


It is well known that certain organelles in cy- 
tosol contain high Ca concentration, and some 
cell activities are dependent on the release of 
Ca from the intracellular Ca stores. The ques- 
tion whether the atrial specific granule (ASG) 
contains high Ca concentration is a top priority 
in elucidating the role of Ca in the stimulus- 
secretion coupling of atrial specific granules. 
The present study was designed to determine Ca 
in ASGs with the techniques of quantitative 
electron probe microanalysis (EPMA) and Ca?*- 
ATPase cytochemical localization. 


Matertals and Methods 


Adult Sprague Dawley rats weighing 200 + 50 g 
were used. The auricle samples were prepared 
and determined in the following procedures. 


Preparation of Ultrathin Cryoseetions. The 
rat was sacrificed by decapitation, and its 
heart was excised immediately. In the 37 C 
Ringer-Krebs's solution with bubbles of 95% 

0, + 5% CO,, the inner surface of the auricle 
was turned out and then the auricle was wrapped 
on the top of a sectioning pin. After being 
immersed in 4% bovine serum albumin, the auricle 
with the pin was thrown rapidly into supercool- 
ing Freon 12 (melting point -164 C) for frozen 
fixation. The fixed auricle was cut into ultra- 
thin cryosections 100-200 nm thick by Reich- 

ert Ultracut E microtome fitted with a FC,D 
cryosystem. The cryosection was mounted on the 
grid and freeze-dried in a high-vacuum evapora- 
tor. Then the section was covered with a thin 
film of carbon and stored in a desiccator.’ 


Quantitative Electron Probe X-ray Microanaly- 
sts. The analysis was carried out with a JEM 
1200EX electron microscope equipped with a Link 
AN 10000 energy-dispersive x-ray spectroscope 
(EDS). The resolution of the 10mm? Si(Li) de- 
tector was better than 155 eV. The TEM mode of 
image was used for the analysis in the condi- 
tions of accelerating voltage of 80 kV, emission 
current 5-10 pA, grid holder tilted 35° to the 
horizontal entry x-ray detector, and probe diam- 
eter of about 0.5 um. During analysis, the 
electron beam was focused on the ASG and the 
x-ray count rate was adjusted to 1000 cps with 
the collecting time of 300 s to form the energy 
spectra. The spectra were then processed by the 
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THE CYTOPLASMIC CALCIUM STORE 


Yu, and Y. Ling 


Link Quantum/FLS quantitative analysis soft- 
ware designed by the multiple least-squares 
fitting routine for showing the concentration 
values in mM/kg dry weight of the analyzed 
elements.?>4 


Cyt chemical Localization of Ca*t-ATPase. 
Rats anesthetized intraperitoneally with sodium 
pentobarbital (40 mg/kg) were perfused through 
the left ventricle with 2% paraformaldehyde in 
0.1 M cacodylate buffer of pH 7.4. The auri- 
cle was then taken out and dissected into small 
pieces, which were immersed in the same solu- 
tion at 4 C for fixation for not longer than 
30 min in all. After fixation the specimen was 
washed in the same buffer solution containing 
0.25 M sucrose for more than 30 min. The tis- 
sue block was cut into sections 40 um thick by 
a Microslicer (Dosaka EM Co. Ltd.). The compo- 
sition of the cytochemical Ca?*-ATPase reaction 
medium, which was developed by Fujimoto and 
Ogawa, was as follows: 250 mM glycine buffer, 
pH 9.0; 3mM ATP-2Na (Sigma Chem. Co.); 10mM 
CaCl; 10mM lead citrate; 2.5 mM levamisole 
(nonspecific alkaline phosphatase inhibitor, 
Sigma Chem. Co.). The sections were incubated 
in the medium for 10 min at 37 C. 


Results 


Ca Analysts of ASG. 
tions 


The ultrathin cryosec- 
were observed under the electron micro- 
scope. It was shown that the atrial cardio- 
cytes were arranged regularly, myofibrils lined 
up with clear striations, mitochondria located 
between myofibrils, the ovape nucleus located 
in the middle of a cardiocyte, and a lot of 
ASGs located in both poles of the nucleus 

(Fig. 1). When the electron beam was focused 
on the ASG, an energy spectrum including Na Ka, 
Mg Ka, P Ka, S Ka, Cl Ka, K Ka, K KB, and Ca Ko 
elemental characteristic peaks was acquired 
(Fig. 2). It was demonstrated that the K kp 
peak overlapped with Ca Ka peak. When the K 
peaks were substracted from spectrum 1 (Fig. 2). 
spectrum 2 (Fig. 3) was obtained, which showed 
a prominent Ca Ka peak. When the x-ray counts 
of spectrum 1 were processed with the software, 
the concentrations of the elements were given 
in mM/kg dry wt. The results indicated that 
the Ca concentration in ASG was 81 mM/kg dry 
wt., much higher than that in the cytoplasm 
(Table 1). 


Cytochemtcal Localtzation of Ca*t-ATPase, 
The reaction products were localized at the 
myofibrils and the matrix of mitochondria. Be- 
sides, they were localized on the membrane of 
the ASG, but not inside the ASG. The reaction 
products were more coarse at the myofibrils and 
the matrix of mitochondria, and finer on the 
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FIG. 1.--Ultrathin cryosection of atrial cardiocyte, showing nucleus N, atrial specific gran- 
ules G, and mitochondria M. 

FIG. 2.--Spectrum of atrial specific granule in cryosection, showing prominent Ca Ka peak and 
K Ka, Ci Ka, S Ka, P Ka, Mg Ka, Na Ka peaks, 

FIG. 3.--Same as Fig. 2, except K Ka and K K8 peaks subtracted by computer. 

FIG. 4.--Cytochemical localization of Ca?+t-ATPase, showing reaction products at myofibrils M, 
matrix of mitochondria M, and membrane of atrial specific granules G. 


TABLE 1.--Composition of atrial specific granules in cryosection,mM/kg dry wt. (mean + S.E.). 


13+4 {19 + 6; 391 + 44 | 405 + 41 | 471 + 42 | 341 + 25] 8 
36 +6 9 + 3] 467 + 37 | 476 + 53 | 292 + 29; 443 + 44 
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Cytoplasm 


membrane of ASG (Fig. 4). The control specimen 
incubated in the substrate-free medium did not 
show any reaction products. 


Diseusston 


Kish reported the presence of a great number 
of specific granules in atrial cardiocytes.° 
They were named atrial specific granules and 
divided later on into three types, A, B, and D, 
morphologically.’ The crude extract of the 
rat atria had powerful natriuretic and diuretic 
effects.°»? In the ASG, a potent peptide, 
which was designated atrial natriuretic peptide 
(ANP), was determined immunocytochemically.*° 
However, the immunocytochemical markers did not 
show any differences among the three types of 
ASG. Recently, more attention has been paid to 
isolating, sequencing, and synthetizing the 
ANP, and applying it to clinical practice.*? 
However, the mechanism of ANP secretion from 
the ASG and the role of Ca in the secretion are 
not fully understood. 

Eucaryotic cells contained a low concentra- 
tion of Ca in their cytosol (X10 ’M) in the 
face of a much higher extracellular Ca concen- 
tration (v.10 3M). A few organelles in the cy- 
tosol contained high concentration of Ca to the 
extent of 18 mM, and were named intracellular 
Ca store, such as the sarcoplasmic reticulum. 
Somlyo determined a high calcium concentration 
of 70 mM/kg dry wt. in the rat ASG with the 
techniques of the rapid frozen auricle, ultra- 
thin cryosectioning, and quantitative EPMA. 

From the present work on ultrathin cryosec- 
tions of rapidly frozen rat auricles, the Ca 
concentration in the ASG was 81 mM/kg dry wt., 
which was approximately equal to Somlyo's.* 

With the Ca?t-ATPase cytochemical technique, 
we further observed that Ca?+-ATPase activities 
were localized on the membrane of the ASG. It 
was postulated that the Ca?*-ATPase pumps Ca?* 
from the cytosol into the ASG and maintains a 
high Ca concentration inside the ASG; therefore, 
the ASG is considered to be a Ca store in atrial 
cardiocytes (which has not been reported in the 
literature), just like sarcoplasmic reticulum 
in striated myocytes. It is reasonable to fur- 
ther postulate that the secretion of ANP is re- 
lated to the release of Ca from the ASG. We 
are going to test this postulation in future 
work. 
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QUANTITATIVE EPXMA IMAGING OF RAPIDLY FROZEN KIDNEY 
PROXIMAL TUBULE PRIMARY CULTURES 


A. J. Spencer, L. A. Hawkey, Ann LeFurgey, K. G. Dickman, L. J. Mandel, and Peter Ingram 


The role of ions (elements), particularly 
calcium, in processes such as renal cell injury 
is equivocal. A variety of techniques are 
required not only to assess the total cell ele- 
ment content or cytoplasmic free ion concentra- 
tion, but also to identify the sites invoived 
in binding, uptake and release of those ions/ 
elements. The need to correlate such changes 
with alterations in cell metabolism has given 
rise to the use of in vitro models; for example, 
isolated nephron segments in suspension have 
been employed to study the effects of anoxia/ 
hypoxia in the absence of any hemodynamic 
effects.! Our previous studies have shown that 
changes in Ca compartmentation in isolated 
rabbit proximal tubules after short-term anoxia 
appear to be subtle.* However, the effects of 
longer periods of anoxia and/or recovery have 
not been studied due to lack of an in vitro 
model. A preparation of primary kidney proxi- 
mal tubule cultures has been recently described, 
which accurately reflects the in vivo metabolic 
features of proximal tubules, for extended 
periods of time in vitro.? We have therefore 
applied ultrarapid freezing and electron-probe 
X-ray microanalysis (EPXMA) imaging to charac- 
terize the ultrastructure and subcellular ele- 
ment composition of these new primary proximal 
tubule cultures. 


Methods 


Primary cultures of rabbit proximal tubules 
were obtained as previously described.? Tubules 
were then maintained under shaking conditions, 
during which the cells retain the metabolic 
characteristics of oxidative rather than 
glycolytic metabolism for at least 24 h.? In 
this initial characterization of primary 
cultures, tubules were preincubated at 37 C and 
gassed with 95% 05/5% COg for 60 min before 
samples were taken for further processing. 

Small aliquots of tubule suspension were rapidly 
ultracentrifuged (3 s) to concentrate the 
tubules and the loose pellet pipetted onto a 
previously prepared aluminum planchet, mounted 
on the freezing head. The freezing head was 
then transferred to the quick freezing device 
(Cryopress, Med Vac Inc.) and the sample slam- 
frozen against a liquid helium-cooled polished 
copper block. Time from taking tubules from 
incubating suspension to freezing averaged 30 s. 
Samples were stored in liquid nitrogen and sub- 
sequently freeze-substituted to assess the 
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quality of freezing, or ultrathin cryosec- 
tioned, placed onto carbon films on nickel 
grids, freeze dried, and carbon-coated for 
EPXMA. Low resolution quantitative elemental 
images (64 x 64 pixel arrays; 2s dwell time per 
pixel) of freeze dried cryosections were 
obtained as previously described.°?® 


Results 


Examination of the primary kidney proximal 
tubule preparation revealed tubule fragments 
with the typical ultrastructure of the Sl and 
S2 fragments of the proximal tubulé.’ Assess- 
ment of the quality of freezing of the cells 
that impacted the copper block first (point of 
first impact, PFI) by freeze substitution 
revealed tubules that were separated from each 
other and had minimal ice crystal damage, 
patent lumens, and a well-preserved brush 
border (Fig. 1). As the distance from the PFI 
increased, tubules became more compacted and 
exhibited ice crystal damage of increasing 
magnitude (not shown). 

Cryosections taken en face from very close 
to the PFI exhibited minimal contrast; as with 
freeze-substituted tubules, there was little 
evidence of ice crystal damage (Fig. 2). Brush 
border at the apical region of the cells could 
be positively identified. However, no distinc- 
tion could be made between intracellular 
organelles such as mitochondria and lysosomes. 
In addition to en face cryosections taken near 
the surface of the frozen tissue block, speci- 
mens were mounted and trimmed in order to 
obtain very large, nominally 100nm-thick 
hydrated cryosections, perpendicular to the 
block face. These sections typically contained 
many tens of cells. Following freeze-drying, 

a clear gradient of freezing could be seen, 
from cells near the PFI with excellent freezing 
and low contrast, through cells with relatively 
little ice crystal damage and easily identifi- 
able intracellular morphology, to cells with 
gross ice crystal reticulations. 

Although it was difficult to determine 
intracellular morphology in low-contrast 
cryosections, organelles could be identified by 
their element content in quantitative elemental 
maps. Figure 3 shows an example of an EPXMA 
image of such a low-contrast cryosection. 
Although in this case it is possible to 
identify the nuclear region in the scanning 
transmission (STEM) image, the nucleus is more 
clearly delineated in the P image, as well as 
in the K and Na images. In contrast, S-rich 
lysosomes are easily identifiable in the S 
image, but not in the STEM image. 

The results of EPXMA imaging of primary 
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FIG. 1.--TEM of slam-frozen, freeze-substituted kidney proximal tubule. Large open arrow 
indicates point of first impact; nucleus N, lumen L, mitochondria (arrows), lysosomes (arrowhead), 
are easily identifiable. Scale bar = 5 um. 

FIG. 2.--TEM of cryosection taken en face close to PFI. Brush border BB, intracellular organelles 
(arrows). Scale bar = 1 um. 

FIG. 3.--STEM image and quantitative elemental images for Na, Mg, P, S, Cl, K, Ca of freeze- 

dried cryosection of rabbit kidney proximal tubule cell, cultured under control conditions. 
Elemental images are scaled on gray scale to right of figure as follows (in nmol/mg dry weight): 
Na, P, Cl, K: -100 to 600; Mg, Ca: -100 to 200; S: -100 to 350. Note high S content of lysosomes 
in S image (arrow). 


kidney proximal tubule cultures maintained under tained significantly lower Na, Mg, P, and K 


shaking culture conditions are summarized in and higher S than cytoplasm and nucleus on a 
Table 1. Mean cell cytoplasmic K/Na ratio was dry-weight basis. Lysosomes contained signif- 
variable (overall mean 3.1/1), with no correl- icantly higher S and lower P, in comparison 
ation between K and Na content (R = 0.296). As with all other compartments, and higher Cl 
borne out by the images, nuclear Na, K, and P than cytoplasm and mitochondria. 


content were significantly higher than in other 
subcellular compartments. Mitochondria con- 
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TABLE 1.--Quantitative EPXMA data for proximal tubule cells cultured under control conditions. 


Data are mean + SEM. 


N, nj, Ny are numbers of rabbits, cells, and regions analyzed, respectively. 


Nucleus data are for whole nucleus region; p values calculated from nested ANOVA by use of 
Games-Howell procedure for differences among organelles. 


Ea, 


Cytoplasm . 5 d 75+ 2 : 8.621 
Mitochondria 5 25 250 146+ 4 1941 37746 11143 14445 37447 5841.1 
Nucleus 5 11 11 248418 3443 547431 6049 144422 581451 4221.9 
Lysosomes 5 8 22 161421 1348 276420 315411 179412 358423 5.142.4 
Cyto vs Mito p<0.0i p<0.01 p<0.0i p<0.01 ns p<0.01 ns 
Cyto vs Nuc p<0.01 ns p<0.05 ns ns <0.05 ns 
Cyto vs Lyso ns ns p<0.01 p<0.01 p<0.0i p<0.05 ns 
Mito vs Nuc p<0.01 p<0.01 p<0.01 p<0.01 ns p<0.01 ns 
Mito vs Lyso ns ns p<0.01 p<0.0i1 p<0.05 ns ns 
Lyso vs Nuc _p<0.05 ns p<0.01 _p<0.01 p<0.01 ns 


Disecusston 


Quantitative electron-probe x ray micro- 
analysis (EPXMA) imaging facilitates assessment 
of cell ultrastructure and measurement of total 
element content with high lateral spatial 
resolution.°»®»8 The first and most critical 
step in attempting to determine the distribu- 
tion of elements in biological specimens is the 
freezing process. The liquid helium-cooled 
copper block method (slam freezing) meets the 
criteria for rapid arrest of physiological 
processes and minimal ice crystal distortion of 
the outer regions of the tissue in question.?>!° 
Primary kidney proximal tubule cultures frozen 
by this procedure exhibited well-preserved 
ultrastructure in freeze-substituted samples, 
minimal ice crystal damage in freeze-dried 
cryosections taken from close to the PFI, and 
gradients for diffusible ions across plasma and 
organelle membranes in EPXMA images. 

Quantitative elemental data were similar to 
those obtained previously in short-term 
cultures of rabbit proximal tubules.!1>12 
Although K/Na (often used as an indicator of 
cell viability) was variable among cells, the 
overall mean was within the range of values 
established by other investigators for renal 
cell cytoplasm (as determined by EPXMA) or 
whole cell (bulk measurement) in a variety of 
in vivo or in vitro preparations. 19>15 The Na 
content of isolated proximal tubules in which 
the lumen has collapsed is lower than that 
measured in the current study, due to reduced 
Na transport across the cells.1& The Na data 
from the present study are therefore consistent 
with availability of Na for transport from open 
jumens of tubules in shaking culture. The 
difference in Na reabsorptive capacity along 
the length of the proximal tubule (which 
decreases from SI to S2 segments) is well 
documented.!”’ Variability in Na content may 
therefore reflect differences:.in the transport 
capacity of adjacent cells within distinct 
segments of the proximal tubule or a hetero- 
geneity of Na transport capacity between dif- 
ferent segments of the proximal tubule. 
However, variability in Na and K content are 
not due to incorporation of extracellular space 


in cytoplasmic regions chosen for data 
acquisition, since any Na and K gradients due 
to basolateral interdigitations are easily 
identifiable in quantitative EPXMA images. 

The visual perception of elemental distri- 
bution afforded by EPXMA images is not easily 
obtainable by analysis of thicker freeze-dried 
cryosections or by static probe methods 
alone.°>® The ability to distinguish intra- 
cellular organelles such as lysosomes from 
mitochondria and to detect cell-to-cell 
heterogeneity by EPXMA imaging has been 
described previously.!8>19 The use of slam- 
frozen specimens to obtain very large, ultra- 
thin cryosections enables the acquisition 
of low-magnification, low-resolution EPXMA 
images to help determine the cell-to-cell and 
tubule-to-tubule variation in elemental con- 
tent in these primary tubule cultures. In 
addition, since these cryosections also con- 
tain areas of tissue with minimal ice crystal 
damage and easily identifiable intracellular 
morphology, the option also exists to perform 
very high resolution EPXMA imaging with longer 
dwell times, combined with static probes when 
necessary, in order to obtain the statistical 
accuracy for quantitation of elements present 
in low concentrations. Ultimately, the ability 
to resolve smaller structures such as endo- 
plasmic reticulum will be limited by the size 
of the electron beam.2° This primary proximal 
tubule preparation will be utilized for longer- 
term studies of anoxia/recovery in the future. 
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SYSTEMATIC CHANGES IN CORNEOCYTE ELEMENT CONCENTRATIONS 
IN SKIN INNER STRATUM CORNEUM 


R. R. Warner 


The outer layer of skin, the stratum corneum 
(SC), is usually considered to be homogeneous 
in its structure and physical properties.’ 
Previously we showed the outer SC was not homo- 
geneous in its composition, but contained steep 
gradients of the physiological inorganic ele- 
ments Na, K and C1.* Here we show there is 
considerable elemental heterogeneity in the in- 
ner SC, with dramatic systematic changes in 
composition occurring with cell position within 
the SC. 

The SC is the 15ym-thick outer layer of skin 
that constitutes the major barrier to dessica- 
tion and bacterial attatk and allows our existence 
on land. This layer is formed by skin eratino- 
cytes that mature during transit through the vi- 
able layers of the epidermis, and then abruptly 
form the condensed, flattened, dead organelle- 
free cells called corneocytes that are the pri- 
ary constituents of the SC. The SC is generally 
considered to be homogeneous in structure and 
barrier properties,’ and is often shown schemat- 
ically as a brick wall,* the "bricks" being the 
corneocytes, the "mortar" being intercellular 
lipid. The concept that the SC is a homogeneous 
structure is increasingly difficult to recon- 
cile with mounting evidence for chemical heter- 
ogeneity across the SC. Differences between 
the inner and outer SC are known to exist for 
water, protein (e.g., filagrin’) and lipid 
(e.g., cholesterol”). Recently we showed the 
outer SC itself was not homogeneous in composi- 
tion, but contained steep gradients for Na, kK, 
and Cl that probably originated from sweat 
salts (Fig. 1). Figure 1 also shows that large 
elemental changes occur in the inner Sc (ISC). 
This report describes the ISC elemental changes 
in greater detail. 


Materials and Methods 


Methods have been described previously. °® 
Briefly, human skin biopsies were taken from 
the lower leg of individuals with both ''good" 
and "dry" skin and plunged into a stirred, 1li- 
quid nitrogen-cooled 20/80 mixture of isopen- 
tane and propane. Cryosections lum thick were 
obtained at -110 C and freeze-dried overnight. 
Analysis was with a modified Hitachi H500 TEM/ 
STEM’ equipped with a Tracor Northern 5500 EDS 
system and a high-angle detector. Analytical 
conditions were 100 kV and 0.5 nA. 


Results 
Figure 2 shows a STEM image and x-ray maps 


of the ISC (and some of the underlying granular 
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cell layer). As shown in the lower x-ray maps 
of this figure, the cellular Na and S concen- 
trations (per unit volume of tissue) do not 
undergo major alterations in transit across 

the ISC and tend to reflect simply an increas- 
ing concentration (per unit volume) due to an 
increase in cell density as the corneocyte 
water content decreases (see water profile of 
Fig. 1). However, other elements undergo 
dramatic changes in elemental composition as 
the corneocytes advance through the ISC. Phos- 
phorus is present at a reduced concentration 

in the first SC cell layer, and then falls to 
negligible levels. The cellular K concentra- 
tion is somewhat reduced in the first SC layer, 
drops dramatically across the subsequent layer, 
and then drops to negligible levels. In con- 
trast, the cellular chloride (Cl) concentration 
increases in the innermost corneocyte layer, 
increases further in the subsequent layer or 
two (as K declines}, and then decreases to 
values comparable to those in the innermost 
corneocyte. The Cl, K, and P profiles are 
shown more graphically in the linescan of Fig. 
3, which shows that the decline in P occurs 
very abruptly, that K continues much further 
into the ISC, and that the decrease in K gener- 
ally correlates with an increase in Cl. Chlor- 
ide subsequently decreases, but remains at a 
substantially elevated level. Note that a de- 
crease in K and increase in Cl within a corneo- 
cyte defies charge balance. The increase in Cl 
within the SC is also observed when concentra- 
tions are expressed per unit dry weight, as 
shown in Table 1, and thus cannot be explained 
simply by cell water loss. 


Discusston 


We have shown that the ISC is not homogene- 
ous in elemental composition. The composition 
changes in the SC are systematic, with P de- 
creasing prior to K, and Cl increasing as K de- 
creases. The position-dependent alterations in 
corneocyte elemental composition may reflect 
sequential maturation changes occurring intra- 
cellularly during SC transit. In particular, 
the SC cell K/Cl charge imbalance may be due to 
enzymatic formation of intracellular fixed pos- 
itive charges. 

If the SC is not homogeneous in its composi- 
tion, then it is very possible that the SC is 
not homogeneous in its physical properties. 
This conclusion could imply that, contrary to 
current thought} °° the SC does not constitute 
a uniform and homogeneous barrier. 
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FIG. 1.--Water, Cl, K, and Na profiles across human skin. 


across skin epithelium (not drawn to scale); S€ 
stratum spinosum, B = basal cell layer. 
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FIG. 2.--STEM image (upper right) and corresponding Cl, P, K, Na, and S x-ray maps. Lowest re- 
gion of STEM image is from granular layer, the uppermost living cell layer. Overlying 5-6 cell 
layers are ISC corneocytes. 
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FIG. 3.--STEM image and corresponding line profiles for Cl, K, and P. 
cursor superimposed on line profiles correlates with position marked + on displayed scan line in 


STEM image. 


TABLE 1.--Intracellular point analysis: Concen- 
tration (mM/kg dry weight) (Mean +ts.e., n = 6). 


Na P 
GRI1 111433 263 +43 
GR2 98 + 24 204 +33 
SCi 68 + 30 102 + 27 
SC2 48 +25 28+ 7 
SC3 39 +11 6+ 2 
SC4 36+ 8 8+ 2 


GR = Granular layer Cell 
SC = Stratum Corneum Cell 


K 
284 + 40 
242 + 36 
103 + 17 
80 +28 

38 +13 
10+ 2 


Cl 
179 + 30 
165 +19 
134 + 22 
204 + 28 
1484+ 15 
107 +11 
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BIOMEDICAL ELEMENTAL ANALYSIS AND IMAGING USING SYNCHROTRON X-RAY MICROSCOPY 


K. W. Jones, B. M. Gordon, George Schidliovsky, Per Spanne, 
Xue Dejun, R. S. Bockman, and A. J. Saubermann 


The application of synchrotron x-ray microscopy 
to biomedical research is currently in progress 
at the Brookhaven National Synchrotron Light 
Source (NSLS). The current status of the x-ray 
microscope (XRM) is reviewed from a technical 
standpoint. Some of the items considered are 
photon flux, spatial resolution, quantitation, 
minimum detection limits, and beam-induced 
specimen damage. Images can be produced by 
measurement of fluorescent x rays or of the at- 
tenuation of the incident beam by the specimen. 
Maps of the elemental distributions or linear 
attentuation coefficients can be made by scan- 
ning of the specimen past the beam. Computed 
microtomography (CMT) can be used for nonde- 
structive images through the specimen in either 
the emission or absorption mode. Examples of 
measurements made with XRM are given. 

The Brookhaven XRM uses continuous-energy 
bending-magnet radiation produced at the NSLS 
as the x-ray source. The electron ring oper- 
ates at an energy of 2.5 GeV and a stored elec- 
tron current of about 225 mA at the beginning 
of a fill and a current of about 100 mA at the 
end of the fill. The lifetime of a fill is ap- 
proximately 24 h, but there can be large fluc- 
tuations in this value depending on ring condi- 
tions. The x-ray beam flux at the XRM specimen 
position is shown in Fig. 1 at a ring current 
of 100 mA. 

Emphasis is placed on retaining flexibility 
in the arrangement of the components in design- 
ing the XRM beam line. A monochromator prior 
to a focusing mirror can be used, if desired, 
to produce an image of the x-ray source with a 
demagnification of the source size by about a 
factor of two. The final beam size at the 
specimen is controlled by a set of x-y adjust- 
able slits and/or a pinhole. A set of four 
stepper-motor driven tantalum slits can be used 
to produce collimated beams from a size of 
about 40 mm in the horizontal and about 10 mm 
in the vertical (consistent with the vertical 
opening angle of the source) down to a size of 
about 40 um set by the geometry of the source, 
pinhole, and specimen. A fixed geometry pin- 
hole collimator placed 3.5 cm from the specimen 
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is used to define x-ray beams down to 1] um in 
size. Collimators of different sizes are used 
to cover the spatial range below 40 um. It is 
sometimes desirable to replace the final colli- 
mator with a channel-cut silicon monochroma- 
tor. It can be used for simple experiments to 
produce monoenergetic beams with energies be- 
low the absorption edge for a major element or 
for chemical speciation by use of x-ray absorp- 
tion near-edge spectroscopy (XANES). 

The photon flux is maximized by location of 
the XRM as close to the x-ray source as possi- 
ble (9 mj). Flux values of about 3 x 10° pho- 
tons/(s-um?) integrated over the energy dis- 
tribution of the synchrotron x-ray source are 
obtained with a 100mA current of electrons in 
the storage ring. The specimen is moved with 
respect to the photon beam by use of computer- 
controlled stepping motors. The fluorescent 
x rays are detected with a 30mm? Si(Li) x-ray 
detector placed at 90° to the incident beam to 
minimize Compton scattering. (The high~degree 
of polarization of the synchrotron x-ray 
source makes this arrangement possible.) 

Some work has also been done with a Kirkpat- 
rick-Baez microscope produced by Giauque et 
al.’ This instrument uses multilayer coatings 
to obtain high-throughput monoenergetic beams 
with energies from 6 to 14 keV. Spatial reso- 
jutions and photon fluxes obtained are very 
similar to the values mentioned above for col- 
limated continuous radiation. To date, the use 
of the collimated XRM has the advantage of sim- 
plicity and broad range detection capability 
over the focused probe. 

The sensitivity of the XRM for detection of 
characteristic x rays is found by use of spec- 
imens of known composition. For example, Na- 
tional Institute of Standards and Technology 
(NIST) Standard Reference Materials (SRM) 3171 
and 3172 are multielement standards in liquid 
form. After deposition on filter paper,? the 
fluorescent x-ray spectra are analyzed to cor- 
relate the known elemental concentrations in 
units of mM/kg with the number of characteris- 
tic x rays for given conditions of ring cur- 
rent, absorber thicknesses, detector solid 
angle, and efficiency. The measured values can 
be compared to calculations based on the theo- 
retical values for photon flux produced by the 
synchrotron radiation method and known geomet- 
rical factors of the XRM. The results of sen- 
sitivity determinations madeusing the two meth- 
ods are shown in Fig. 2. The calculated and 
experimental values are normalized at the maxi- 
mum of the K x-ray curve. The calculated val- 
ues are highber by about a factor of 4 in ab- 
solute value. This agreement is reasonable 
when the uncertainties in collimator area and 
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FIG. 1.--Flux of x rays produced by NSLS bend- 
ing-magnet source is shown as a function of 
X-ray energy. Units are number of x rays pro- 
duced by stored current of 100 mA that fall on 
1 um x 1 um area at 9 m from x-ray source, 
Values are given for constant bandwidth of 1 
eV. Effects of beryllium windows used to sep- 
arate XRM from vacuum conditions of ring are 
shown. 
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FIG. 3.--Sensitivity for elemental concentra- 
tions from XRM is shown as a function of atomic 
number. Beam size, 8 um x 8 um; ring current, 
100 mA. Experimental points were determined 
from thin standards. Curve was calculated from 
knowledge of photon flux and experimental pa- 
rameters. Detector solid angle was 1.2 x 10°5 
sr. 


alignment, as well as photon flux and energy 
distribution, are considered. 

The specimen areal density is measured by 
comparison of the scattered radiation intensity 
from the specimen with that from a standard of 
known thickness and similar composition. For 
work with tissue sections, a calibration curve 
is established by measurement of the scattered 
radiation from a set of polyimide foils of 
known areal density and then deduction of the 
areal density of the unknown from this curve. 
The concentration values for the elements in 
the unknown are then easily found in units of 
g/g, mM/kg, etc. The same procedures are fol- 
lowed for specimens of bone where substantial 
amounts of Ca and P are present, although oth- 
er types of standards have to be used. Absorp- 
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FIG. 2.--Minimum detection limits for K and L 
x-ray detection as a function of atomic num- 
ber Z. Values scaled from those reported by 
B. M. Gordon and K. W. Jones, Nucl. Instrum. 
Methods B10/11: 293, 1985, are given to indi- 
cate agreement with calculations for focusing 
XRM. Proton curve shows values attained with 
proton microprobe and proton-induced x-ray 
emission (PIXE). 
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FIG. 4.--Line scan across rat femur section 
from rachitic rat treated with Vitamin D and 
gallium. Beam size, v5 um x 8 um. In this 
case concentration values are referenced to 
average calcium value taken as 20% of bone's 
wet mass, Values for Ca (triangles), Fe 
(dashes), Zn (dots), and Ga (solid line) are 
given. 


tion of the x rays in thick samples is account- 
ed for using a modified version of the NRLXRF 
program.* The accuracy of the concentration 
assignments is estimated at +10-15%; repeated 
runs on a single point show variation of <+5%, 
Detection limits assigned for tissue sec- 
tions are <0.02 mM/kg for elements around 
iron. These limits increase for lighter ele- 
ments such as calcium. The detection limits 
for K and L x-ray detection are given in Fig. 
3. We have investigated the detection limit 
for calcium by measuring a response curve in 
thin PVP sections with concentrations down to 
12.5 mM/kg. From the spectra obtained, a val- 
ue for the calcium detection limit of less 
than 0.1 mM/kg is obtained for a 300s expo- 
sure, at the cost of great loss in spatial 


FIG. 5.--X-ray projection image of rat femur 
generated with 20keV synchrotron x rays. 

FIG. 6.--X-ray absorption tomogram of rat femur 
imaged with 20keV synchrotron x rays. Matrix 
size, 285 x 285; pixel size, 15 um x 15 um. 


resolution. Furthermore, the sensitivity of 
EPMA would also be better at higher count 
rates. The present detection limits show that 
the XRM substantially improves on the limits 
attainable by electron-probe microanalysis. 
Furthermore, several changes can be made in the 
existing apparatus that will improve detection 
conditions and reduce the detection limit. 

The XRM is equipped with instrumentation and 
computer programs, which makes computed tomog- 
raphy with spatial resolution in the micrometer 
range possible.°~? Measurements made by using 
CMT are based either on fluorescent xX rays or 
on differences in sample x-ray linear attenua- 
tion coefficients. Two types of CMT scanners 
have been developed. One is a high-resolution 
first-generation scanner with a pencil beam® 
and a single radiation detector; the other is a 
third-generation scanner with a wide radiation 
field defined by a narrow slit and a photodiode 
array and a scintillator for the detection of 
x rays. The third-generation scanner allows us 
to produce images with a spatial resolution of 
the order of 100 um at present, but has poten- 
tial for resolutions down to about 25 um. The 
first-generation scanner is used for imaging 
with mubh higher spatial resolutions. To date 
we have been able to generate a tomogram with a 
spatial resolution of approximately 1 um by de- 
fining a lym x-ray beam with a collimator of 
the same type as is used for the fluorescence 
measurements. It is possible to produce such a 
small field at the sample position because the 
collimator can be placed as close to the sample 
as 1 mm during tomography, and the source to 
sample distance is of the order of 9m. The 
CMT system is therefore not source-size limited 
at present. The CMT system can be used both 
for absorption tomography mapping the distribu- 
tions of the linear attentuation coefficient in 
unsectioned samples and for elemental mapping 
by fluorescent x rays excited by the first-gen- 
eration pencil beam. 

The use of synchrotron x rays for CMT has 
several advantages, mostly related to the very 
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high flux of photons available. The high flux 
makes the use of monochromators for xX rays 
possible, which has several interesting advan- 
tages compared to the broad x-ray spectra from 
conventional rotating anode x-ray tubes. The 
energy choice is important in minimizing the 
imaging time® and gives the possibility for 
elemental mapping by use of photoelectric ab- 
sorption edges or multiple energy CMT. 

The interaction of high-flux beams with the 
specimen can cause damage to the specimen. We 
have looked at changes in the specimen mor- 
phology and in the change of x-ray yield as a 
function of total fluence. For thin nylon 
foils severe damage is seen for a 300s run, 
and a measurable decrease in scattered inten- 
sity is also observed for other types of plas- 
tic films.* The measurable effects on biolog- 
ical materials are not found to be serious at 
present fluence levels, but they .ced to be 
carefully evaluated for individual specimens. 

The use of the XRM to study the distribu- 
tion of elements in a thin section of rat tib- 
ia or to measure the density distribution in a 
complete rat femur illustrates how the XRM can 
be applied in biological experiments. In par- 
ticular, gallium nitrate is a therapeutic 
agent used to treat hypercalcemia in cancer 
patients. The mechanisms by which gallium 
acts to inhibit calcium release from bone is 
not known. Hence, knowledge of the distribu- 
tion of the gallium in the bone and the bone 
density is important. 

Bockman et al. used the XRM to map the dis- 
tribution of gallium in the tibia of rats and 
showed that it accumulated preferentially in 
areas of highest bone metabolism.* The work 
has been extended to study rachitic rats 
treated with gallium and vitamin D. Determi- 
nations were made of the concentrations of 
calcium, iron, zinc, and gallium in line scans 
across the tibial shaft. A typical result 
from such a scan (Fig. 4) for a rat that has 
been treated with both vitamin D and gallium 
shows that there is a strong spatial variation 
in the trace elements across the diaphysis. 
The systematics of the changes and the depen- 
dence of the trace element values on gallium 
concentration can be found from such data. 
Detailed interpretaiton of the results ob- 
tained in this animal study is now in progress. 

In vivo serial measurements of the bone 
density of the rat femur as a function of 
treatment would be very useful for study of 
the gallium treatment. In principle, such 
measurements can be made by theuseof CMT. A 
tomogram was made of a normal whole rat femur 
specimen to demonstrate the approach. Bone 
studies by CMT on living animals are contem- 
plated for the near future. 

A channel-cut Si monochromator in which 
diffraction off the (220) plane is used was 
mounted in the NSLS X-26C microprobe beam line 
between a four-jaw slit assembly and a Ta col- 
imator with an oepning of approximately 20 x 
20 um?. If the monochromator is placed before 
the collimator, x rays diffracted from planes 
other than the (220) plane can be prevented 
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from reaching the sample and the detector. The 
monochromator was rotated by a remotely con- 
trolled stepper-motor-driven rotator. The dif- 
fraction angle was set to an energy of 10 keV. 
The energy was verified by use of an Mo foil 

(K absorption edge at 20.0 keV) and rotation of 
the collimator while the x rays transmitted 
tnrough the foil were counted. A Imm-thick 
CaF, (Eu) scintillation detector operated in 
current mode was used for the detection of the 
x rays transmitted through the sample. The 
sample, a formalin-fixed femur from a normal 
rat, was placed on a sample stage consisting of 
two orthogonal stepper-motor-driven translators 
carrying a rotator (cf. Spanne and Rivers®). 

A 10 x 20 um? radiation field was produced by 
tilting of the Ta collimator relative to the 
x-ray beam's direction of travel. Both the 
horizontal and the vertical dimensions of the 
beam were determined by scanning of a 25yum- 
thick Cu foil through the beam while the number 
of x rays reaching the detector was measured. 
This procedure gives the edge spread functions 
in two directions for the system. The data 
collected during a translate/rotate motion 
scheme of the sample through the x-ray beam 
were reconstructed by means of a filtered back 
projection algorithm.?° 

Figure 5 shows a projection image of the 
whole femur with the plane of the tomogram 
marked. This image was generated for orienta- 
tion purposes. Figure 6 shows the computed 
tomogram at the position marked in Fig. 5. The 
transverse spatial resolution in this image is 
approximately 10 um; the imaged slice is 20 um 
thick. The image shows the fine structure in 
the bone in detail. In the original image, 
small remains of bone marrow can also be seen, 
but this not visible in the reproduction shwon 
in Fig. 6. By sorting of the pixel values in 
the tomogram into a histogram, a frequency 
function for the linear attentuation coeffi- 
cient in the pixels can be produced and used 
for a further comparison of bones from rats 
that have been subjected to vairous diseases 
and therapies. In wet samples multiple energy 
allows a more definite separation of soft and 
bone tissues. 

The XRM instrument described above is now 
being used for elemental analysis and imaging 
of a number of biological systems. For example, 
the distribution of essential trace elements 
(Fe, Cu, Zn, etc.), toxic elements (Pb, Cd, 
etc.), and therapeutic elements such as Ga is 
currently being studied in bone, teeth, hair, 
and soft tissues in the dry state at room tem- 
perature and pressure. Provisions to study 
live tissue culture cells are being made. A 
facility to keep specimens at liquid nitrogen 
temperatures for study of low-Z diffusible 
elements is in the planning stage. 
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CALCIUM IMAGING WITH MONOCHROMATIC X RAYS 


B. J. Panessa-Warren, G. T. Tortora, R. L. Stears, and J. B. Warren 


By using soft x rays (1-10nm wavelength) to try 
and image biological materials, one can image 
unstained and hydrated cells at spatial resolu- 
tions approaching 5-10 nm.++** Unlike imaging 
cells with electrons and photons in the visible 
light spectrum, with soft x-ray exposures radi- 
ation damage (and to a lesser extent heat dam- 
age) is less, in part because the exposure time 
may range from 60 ns to a few minutes.°?"* Sam- 
ples can also be examined in an hydrated en- 
vironment at atmospheric pressure. °°® Soft 

x rays exhibit numerous absorption edges which 
can be exploited to provide elemental informa- 
tion about biological samples, without the need 
for specimen preparation. In recent years, 
with the further development of synchrotron 
sources and their increased accessibility, it 
has been possible to obtain high-brightness, 
intense, tunable monochromatic x rays for bio- 
logical absorption-edge experiments. This pa- 
per analyzes the biological x-ray contact mi- 
croscopy absorption edge image in light of its 
biological content in comparison to convention- 
al light and electron microscopic data using 
genetically identical specimens. X-ray contact 
microscopy calcium absorption edge and nitrogen 
absorption edge images of the bacterial endo- 
spores B. subttlis, B. thuringiensis, and Clos~ 
tridtum sporogenes were compared to data ob- 
tained by light microscopy; fixed, routinely 
prepared scanning and transmission electron mi- 
croscopy; and histochemistry, in order to in- 
terpret the absorption-edge replicas in terms 
of their ultrastructural and elemental fidelity. 
Soft x-ray absorption-edge images made above the 
calcium Lyt[{ absorption edge produced sharp 
calcium elemental information about each of the 
biological specimens that was faithful to the 
elemental data obtained by conventional histo- 
chemical methods, and matched the x-ray micro- 
analytical data of Stewart et al. obtained from 
cryo-thin sections of endospores from similar 
bacteria. ’? 


Matertalts and Methods 


Three varieties of 
cause each has a high 


spores were chosen be- 
calcium content. Bacil- 
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lus sp. bacteria were grown aerobically on AK 
sporulating agar no. 2; and Clostridium sporo- 
genes was grown in cooked-meat media. After maxi- 
mal sporulation, the spores were harvested, heated 
sporulation, the spores were harvested, heated 
to 80 C for 20 min to kill any remaining veg- 
etative cells, and washed three times with de- 
ionized sterile water for storage at 2-8 C. 

For routine scanning electron microscopy 
(SEM) spores were fixed on an aluminum pol- 
ished stub in an equal volume of 3% glutaral- 
dehyde in 0.1 M cacodylate buffer (pH 7.2), 
washed in buffer, postfixed in 1% aqueous os- 
mium tetroxide, dehydrated in acetone, dried 
by the critical-point method, coated with 
gold/palladium, and examined at 20 kV acceler- 
ating voltage with an AMRay 1000A at Brook- 
haven National Laboratory, Upton, N. Y. For 
transmission electron microscopy, isolated 
spores were layered into warm 2% agar, fixed 
in 3% glutaraldehyde, buffer washed, post- 
fixed, dehydrated in acetone, embedded in 
Epon 812, sectioned, and examined at 80 kV on 
a Philips 300 at Brookhaven National Labora- 
tory. Lanthanum histochemistry was done by 
either fixing of endospores in 3% glutaralde- 
hyde were washed in water and postfixed in 1% 
aqueous osmium tetroxide in 1% lanthanum 
chloride. Spores were also fixed in 1% osmium 
tetroxide containing 2% potassium pyroantimo- 
nate for 1h to localize calcium.” These agar 
blocks were prepared for transmission electron 
microscopy as previously described. 

Small aliquots of spore suspension were 
placed on polymethyl methacrylate coated sili- 
con chips and allowed to settle. The expo- 
sures were done at the U 15 beamline of the 
750MeV VUV storage ring at the National Syn- 
chrotron Light Source, Brookhaven National 
Laboratory. A calcium sulfate standard was 
used to map the calcium absorption edge and 
identify the optimum wavelengths for imaging. 
Because the endospores are rich in nitrogen, 
nitrogen absorption-edge images were made of 
each specimen to obtain general morphology 
images and for orientation. Following x-ray 
exposure, the entire biological sample was re- 
moved and the photoresist developed in 1:1 
methyl isobutyl ketone/isopropanol. The de- 
veloped resist was coated with gold palladium 
and examined by SEM. 


Results 


Figure l(a) shows the soft x-ray image of 
the calcium sulfate test specimen/standard 
above the calcium absorption edge. Each is- 
land of salt is clearly outlined with intri- 
cate surface structure. Figure 1(b) shows the 
same calcium sulfate standard imaged below the 
calcium absorption edge. Here the islands of 
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FIG. 1.--(a) X-ray replica of CaSO, made above calcium absorption edge (A). (b) Same specimen 
imaged below absorption edge. 

FIG. 2.--B. subtilis spores imaged (a) at nitrogen absorption edge (N), (b) above calcium absorp- 
tion edge, (c) below calcium edge. Arrows in 2(b) identify alternate form of spores seen. 

FIG. 3.--(a) B. thuringtensts endospores imaged at the nitrogen edge (N), (b) below calcium edge, 
(c) above calcium edge, where the delicate exosporium (white arrows) can be seen enveloping the 
centrally located spore. E, exosporia; P, protein. 
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dried salt can also be seen, but they are more 
softly outlined with virtually no surface de- 
tail. 

Nitrogen absorption edge images of B. sub- 
tilts endospores showed x-ray replicas with 
clearly outline, 3-dimensional rod-shaped 
spores (Fig. 2a). After tilt-angle correction, 
the nitrogen image of the spores was identical 
in morphology to control SEM images of critical 
point dried samples. The debris around the 
spores represents the protein-rich contents of 
lysed spores. In all of the spores examined, 
images made above the Ca Ljj] absorption edge 
produced clear crisp spore replicas that re- 
vealed fine structure where high levels of cal- 
cium were localized histochemically (Figs. 2b 
and 3c). Nitrogen absorption edge images 
(Figs. 2a and 3a) all showed plump endospores 
surrounded by nitrogenous background. Soft 
x-ray absorption-edge images made below the 
Ca Liyj] absorption edge revealed a low-relief, 
flattened outline of the spores in a thick 
background material (Figs. 2c and 3b). Histo- 
chemical data demonstrated that the calcium de- 
posit within the spores is variable depending 
on the maturation stage of the spore. Similar- 
ly, the x-ray images made above the Ca L{II 
edge clearly imaged areas with high calcium 
preferentially. Below the calcium absorption 
edge, all imaging of the spores was in low re- 
lief with no fine structural details (Figs. 2c 
and 3b). 
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PATHOPHYSIOLOGICAL FUNCTION OF THE MITOCHONDRIA AS A CALCIUM RESERVOIR: 
QUANTITATIVE X-RAY MICROANALYSIS 


N. Kaneko, K. Teraoka, Y. Horikawa, T. Uchida, R. Matsuda, S. Hosoda, and S. Nakamura 


It is generally known that irreversible injury 
of the myocardium induced by ischemic con- 
ditions is accompanied by the accumulation of 
calcium in the mitochondria.!-3 However, the 
physiological significance of this phenomenon, 
and the possible role of the mitochondria under 
such conditions of calcium loading, has not 
been well understood. In this investigation, 
in order to gain more insight into the rela- 
tionship between calcium loading and mito- 
chondrial calcium accumulation, calcium loading 
was carried out in rat myocardium, and x-ray 
analysis was employed in the determination of 
cytosolic and mitochondrial calcium levels. 
Perfusion was carried out as in the clas- 
Sical Langendorff method; a change in the con- 
centration of calcium in the perfusate from 
2 mM CaClo to 5.5 mM CaClo produced an immediate 
rise in left ventricular systolic pressure. 
Within 1 min following the commencement of 
calcium loading, there was a clear increase in 
mitochondrial calcium; further increases were 
seen with time. In tissue samples freeze-dried 
under vacuum, sectioned, and observed by 
electron microscopy, mitochondrial calcium up- 
take was manifested by the appearance of 
electron-dense granules. 


Matertals and Methods 


Perfusion. Twelve pure-bred Wistar rats (17 
weeks old) were employed. Rats were sacrificed 
by cervical dislocation, after which hearts 
were quickly excised and immersed in perfusate 
solution chilled to 4°C. For each heart, a 
catheter was inserted into the ascending aorta, 
and retrograde perfusion was carried out as in 
the Langendorff method. Perfusate solution 
consisted of Krebs-Henseleit buffer, containing 
(in mM), NaC1(120), KCL(4.7}, MgSO0,(1.2), 
KHoPO, (1.2), NaHCO3(25), and glucose(5), gassed 
with 95%05 and 5%CO,. Perfusate calcium con- 
centration in the control group was 2mM CaClo, 
and for the calcium-loading group, it was 
5.5mM CaClo. Pacing leads were inserted into 
the right atrium and apex, and pacing was 
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FIG. 2.--Recording of left ventricular 
pressure during calcium-overload. 


carried out at 330/min. Perfusate temperature 
was Maintained at 37 C during time. In 
addition, 4 rats were inserted with balloons 
in the left ventricle, and left ventricular 
pressure was monitored and recorded. 


Experimental Design. Experimental protocol 
is delineated in Fig. 1. Two animal groups 
were employed; in both groups, 2 mM CaClo was 
perfused for an initial 5 min. Group A 
(control) was perfused in this manner for an 
additional 20 min. Group B (calcium-overload) 
was switched to 5.5 mM CaClo, and hearts in 
this group were perfused for up to 1, 5, 10, or 
20 min and then removed from the perfusion 
apparatus. In both groups, tissue from the 
left ventricular papillary muscle was utilized 
in the determination of intracellular calcium. 
One to 3 papillary muscles were dissected out 
per rat. 


Cytosolte Mitochondrial Caletun 
Determtnatton by X-ray Analysis. Papillary 
muscle tissue specimens were halved longitu- 
dinally and attached by the endocardium layer 
to tissue mounting pins; subsequently, tissue 
was quick-frozen in a Reichert-Jung KF 80/MM 
80 and copper blocks chilled under liquid 
nitrogen. Cryoultramicrotomy was performed 
on a Reichert-Jung Ultracut N Fc-4E, and the 
resulting sections were attached to collodium- 
carbon coated 200-mesh grids and freeze-dried 
(-100 C, 10-5 Torr) in a JEOL FD7000. Last, 
a JEOL 1200 EX and an energy-dispersive x-ray 
analyzer were used in the determination of 
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calcium levels in the cytosol and mitochondria. 


Results 


1. Increasing calcium concentrations in the 
perfusate from 2 to 5.5 mM produced an immediate 
rise in systolic pressure of the left ventricle 
when concentrations were returned to 2mM, 
systolic pressure once again decreased to basal 
levels. Pressure changes under calcium loading 
are shown in Fig. 2. 

2. Calcium concentrations in the cytosol 
and mitochondria determined by x-ray micro- 
analysis are shown in Table 1. In the control 
group, cytosolic and mitochondrial concentra- 
tions were 15.8 + 11.4 and 19.0 + 15.0 mmol/kg 
dry wt, respectively. In the calcium- loading 
group, within 1 min after the commencement of 
5.5 mM perfusion, an immediate increase in 
mitochondrial calcium concentrations to 
95.9 + 32.7 mmol/kg was seen, but cytosolic 
calcium remained low at 17.0 + 2.4 mmol/kg. 
Further increases in mitochondrial calcium 
levels were seen with time; after 10 and 20 min 
of calcium-loading, concentrations reached 
569.2 + 221.5 and 562.0 + 331.1 mmol/kg dry wt. 
However, regarding the cytosol, no significant 
differences in calcium concentration were 
observed between the control and calcium-loading 
group at any point during perfusion. 

3. Tissue samples in both groups were 
freeze-dried and cryoultrasectioned. The 
presence of electron-dense granules in calcium- 
laoded myocardium was revealed by electron 
microscopy. In the control group, such granules 
were not present (Fig. 3). X-ray spectra of 
the cytosol and mitochondria used in calcium 
determination are shown in Figs. 4(a) and (b) 


TABLE 1.--Calcium content of mitochondria and 
cytosol (mmol/kg dry weight). 


Cytosol Mitochondria 
Group A (control) 15.8 + 11.4 19.0 + 15.0 
Group B (Ca overload) 
1 min 17.0 + 2.4 95.9 + 32.7 
5 min 23.7 + 8.3 250.0 + 92.0 
10 min 23.2 210.3 569.2 + 221.5 
20 min 16.6 + 18.9 562.0 + 331.1 
(Ca-overload group). A clear calcium peak 


appears in the spectrum corresponding to 
calcium-loaded mitochondria only. 


Discusston and Conelustons 


It has recently become possible to determine 
intracellular calcium concentration at the 
level of electron microscopy by employing quick 
freezing techniques together with x-ray micro- 
analysis. Jennings et al. have reported that 
calcium uptake by mitochondria can be stimulat- 
ed by reperfusion in ischemic myocardium, ! but 
there are as yet few reports addressing the 
physiological significance of this phenomenon’? © 
and the possible role of the mitochondria in 
intracellular calcium regulation.® That cal- 
cium ion is extremely important in excitation- 
contraction coupling of the myocardium is well 


established; on the other hand, investigations 
on catecholamine-induced myocardial injury have 
revealed that an excess influx of calcium into 
the myocytes is a cause of myocardial damage. 
Fleckenstein et al.’ have shown that massive 
dosages of isoproterenol (30 mg/kg) result in 
rapid uptake of CaS by the myocytes; through 
these results, they have demonstrated the 
involvement of extreme calcium ion influx into 
the myocytes in the development of myocardial 
necrosis. In our previous investigations, we 
have shown that the selective administration of 
calcium chloride into the coronary artery 
results in myocardial necrosis resembling that 
ordinarily seen with myocardial infarction. ® 
Such results have suggested that increases in 
intracellular calcium are highly significant in 
bringing about cell damage and necrosis. In 
the present investigation, we examined the 
effects of calcium loading on ventricular pres- 
sure and mitochondrial functioning via 
Langendorff perfusion and x-ray microanalysis. 
It was observed that in hearts perfused initial- 
ly with 2 mM CaClo, with conditions changing 
from that of calcium loading (5.5 mM CaCl>), 
systolic pressure immediately increased. These 
changes in pressure were reversible upon restor- 
ation of initial conditions of perfusion. Ina 
related investigation, we have determined that 
the release of creatine phosphokinase (CPK) and 
decreases in ATP levels did not occur during 
calcium loading; correspondingly, by electron 
and light microscopy, wehave also observed that 
no significant histological changes resulted in 
the myocardium.? From the above results encom- 
passing several investigations, weconclude that 


FIG. 3.--Transmission electron micrograph. (a) 
control, (b) calcium overload (5 min following 
5.5 mM calcium perfusion). Presence of 
electron-dense granules was observed in 
calcium-overloaded mitochondria. 
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3.686 eV 


3.780 eV 
FIG. 4.--X-ray spectrum. 


8.8> 
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3.780 eV 8.9> 


(a) Cytosol in control group; (b) mitochondria in control group; (c) 


cytosol in calcium overload (5 min); (d) mitochondria in calcium overload (5 min) with clear 
calcium peak observed in mitochondria following calcium overload. 


calcium loading alone cannot cause cell injury 
under observation of our experimental protocol. 
Through the present investigation, we have 
revealed that mitochondrial calcium uptake 
during calcium loading is rapid and immediate. 
The data have indicated that calcium accumula~ 
tion in the mitochondria is manifest within 
1 min of the commencement of experimental cal- 
cium loading, which wasobserved as an increase 
from basal levels of 19.0 + 15.0 to 95.9 + 32.7 
mmol/kg dry wt. As these levels were seen to 
have increased nearly 6-fold during a 20min 
duration of perfusion, our results suggest that 
as intracellular calcium increases, the 
mitochondria in response actively take up 
calcium. Regarding the physiological signifi- 
cance of this phenomenon,it may be likely that 
the mitochondria function as a calcium reservoir 
in the myocytes in order to maintain intra- 
cellular calcium at normal levels and thereby 
circumvent cell injury. 
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SUBCELLULAR CALCIUM CONTENT OF MYOCARDIUM AFTER ISCHEMIA AND 
REPERFUSION: X-RAY MICROANALYSIS 


Yoshifumi Horikawa, Noboru Kaneko, Kunihiko Teraoka, Tatsuroh Uchida, 
Saichi Hosoda, and Ryuhko Matsuda 


We have reported previously on the calcium 
accumulation in mitochondria following ischemia, 
and other authors have confirmed these 
observation.*~* It is generally agreed that 
calcium accumulation within the mitochondria is 
the result of irreversible injury.°°© However, 
there are some reports />8 that mitochondria 
play a role in intracellular calcium regulation. 
If calcium accumulated in the mitochondria 
following ischemia were to be decreased by 
reperfusion, it would suggest that mitochondria 
may play a part in intraceliular calcium 
regulation. The goal of this study is to 
clarify whether calcium content in the mito- 
chondria after a 30 min period of ischemia is 
altered by reperfusion for 60 min. 

Rat hearts were circulated with the control 
(95%09, 80cmH20) or the ischemic (50%0>, 
15cmH»0) Krebs-Henseleit solution by the 
Langendorff method. They were divided to the 
control group, the ischemia group, and the 
reperfusion group. The papillary muscles were 
rapidly frozen by the metal contact method and 
cryo-ultrasectioned. After freeze-drying, 
calcium content was measured by energy- 
dispersive x-ray microanalysis. Mitochondrial 
calcium accumulation was observed in the 
ischemia and reperfusion groups. However, the 
mitochondrial calcium content of the reper- 
fusion group was significantly decreased when 
compared to the ischemia group. These results 
suggest that mitochondrial calcium accumulation 
is reversible and that the mitrochondria may 
play a part in intracellular calcium regulation. 


Material 


Nine adult male Wistar rats were killed by 
cervical dislocation. The heart was quickly 
removed and immediately chilled to 4 C. The 
aorta was cannulated and the heart was circu- 
lated by the Langendorff method. The heart was 
stimulated to 330 beats/min by a pacemaker. The 
experiments were performed at 37 C. The 
perfusate was Krebs-Henseleit solution con- 
taining (in mmol/L): NaCl 120, KCl 4.7, MgSO, 
1.2, KHoPO, 1.2, CaClo 2.0, NaHCO3 25, and 
glucose 5.0. The hearts were divided into 
three groups. 


1. Control group. This group was perfused 
for 30 min with a Krebs-Henseleit solution 
bubbled by a 95%05 + 5%CO» gas mixture at a 
pressure of 80 cm water. 


The authors are at the Department of 
Cardiology (except R. Matsuda, who is at the 
Department of Biochemistry), Tokyo Women's Med- 
ical] College, Tokyo, Japan. 
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2. Ischemia group. This group was perfused 
for 30 min with a Krebs-Henseleit solution 
bubbled by a 50%05 + 45%N5 + 5%CO5 gas 
mixture at a pressure of 15 cm water. 

3. Reperfusion group. Following the 30min 
period of ischemia, this group was perfused 
for 60 min with a Krebs-Henseleit solution 
bubbled by a 95%05 + 5%CO» gas mixture at a 
pressure of 80 cm water. 


Method 


Specimens were taken from the papillary 
muscles of the left ventricle immediately 
after perfusion. These specimens were quickly 
mounted on tissue-mounting pins and fired onto 
a liquid nitrogen cooled copper block. The 
specimens were frozen by use of a Reichert- 
Jung KF 80/MM 80. These pins with specimens 
were mounted in the arm of a Reichert-Jung 
Ultracut N FC4E and specimens were cryo- 
ultrasectioned. The specimens and the knife 
were set and maintained between -140 and 
-160 C. Sections were cut to a thickness of 
approximately 90 nm. These sections were 
transferred to 400-mesh copper grids coated 
with collodion-carbon. The grid with sections 
was placed in a JEOL FD7000 and freeze-dried 
at -100 C in 10-° Torr. After freeze-drying, 
they were observed in an electron microscope 
(JEOL 1200EX); the calcium content was measured 
by an energy-dispersive x-ray microanalyzer 
and calculated by the peak-to-continuum ratio, 
proportional concentration as described by 
Hall et al.9 (Link AN 10000S) The microscope 
was operated in the TEM mode at 80 keV and 
measurements were made for 100 s. 


Stattstteal Analysts 


Data was expressed as mean values + standard 
deviation. For statistical analysis, the 
unpaired t-test was performed between groups. 


Results 


Transmission electron microscopy of the 
papillary muscles after they were freeze- 
substituted in osmium acetone was performed to 
evaluate the general quality of tissue pre- 
servation following rapid freezing. The 
cardiac cells below 5 to 10 um from the endo- 
cardium demonstrated virtually no ice crystal 
formation. We used sections for x-ray micro- 
analysis below 5 um from the endocardium. 
Transmission electron micrographs of freeze- 
dried papillary muscle were obtained of the 
control group (Fig. 1), the ischemia group 
(Fig. 2), and the reperfusion group (Fig. 3). 


FIG, 1.--Transmission electron micrograph of freeze-dried papillary muscle 
Bar: 500 nm. 

PIG. 2.--Transmission electron micrograph of freeze-dried papillary muscle 
Bar: 500 nm. 

FIG. 3.--Transmission electron micrograph of freeze-dried papillary muscle 
Mitochondria also have electron-dense inclusions; however, more inclusions 
Bar: 500 nm. 


Mitochondria have no electron-dense inclusions. 


Mitochondria have electron-dense inclusions. 


ischemia group than in reperfusion group. 


The muscle cells had dense ovoid structures 
with the size and distribution of mitochondria. 
In these pictures, no other ultrastructural 
element was identifiable. In the ischemia and 
reperfusion groups, the mitochondria had 
electron-dense inclusions, but in the control 
group, no such inclusions were observed. More 
inclusions were noted in the ischemia group 
than in the reperfusion group. Mitochondria 
and cytosol calcium content was measured by 
energy-dispersive x-ray microanalysis. The 
spectra of the control group were obtained. 

The characteristic calcium peak is not observed 
in either the mitochondria (Fig. 4) or the 
cytosol (Fig. 5}. The spectra of the ischemia 
group demonstrate a prominent calcium peak in 
the mitochondria (Fig. 6), but not in the 
cytosol (Fig. 7). In the spectra of the reper- 
fusion group, the calcium peak is also observed 
in the mitochondria (Fig. 8), but not in the 
cytosol (Fig. 9). However, the mitochondrial 
calcium peak of the reperfusion group is lower 
than the calcium peak of the ischemia group. 
The calcium content was calculated from each 
spectrum, and the graph of the change in the 
calcium content of the mitochondria and the 
cytosol was plotted (Fig. 10). The calcium was 
remarkably accumulated into the mitochondria 
following ischemia (202.3 + 51.9 mmol/kg dry 
weight, control 3.8 + 1.6, p <0.01). Also, 
the calcium accumulation into the mitochondria 
was observed in the reperfusion group (103.6 + 
16.4). However, the calcium content of the 
mitochondria of the reperfusion after 30 min of 
ischemia was significantly reduced when compared 
to the ischemia group (p <0.01). No signifi- 
cant changes were observed in the cytosol 
calcium concentration among the three groups. 


Diseusston 


It was demonstrated by x-ray microanalysis 
that calcium was accumulated into the mito- 


IO 


of control group. 
of ischemia group. 


of reperfusion group. 
are noted in 


chondria during ischemia, and the calcium was 
significantly reduced by a 60min reperfusion 
period. From these results, it is thought that 
calcium accumulation into the mitochondria is 
at least partially reversible and that the 
mitochondria takes up calcium in an attempt to 
prevent the increase in intracellular calcium 
concentration and irreversible cell injury. 

It is generally thought that the free 
calcium concentration in the cytosol is 
increased during ischemia and immediately after 
reperfusion by indo 1!°9 and aequorin.!! An 
increase in calcium concentration was not 
observed in the cytosol by x-ray microanalysis. 
Measurements of low calcium concentration in 
the cytosol are limited by the accuracy of 
x-ray microanalysis. We look forward to the 
development of more accurate x-ray micro- 
analysis. Recently, it has been suggested that 
calcium concentration increases immediately 
after reperfusion.!/2-!4 This study was 
designed to address the reversibility of 
calcium accumulation. Although we did not 
measure the calcium content immediately after 
reperfusion, we hypothesize that more calcium 
may be accumulated into the mitochondria 
immediately following reperfusion than after 
30 min of ischemia. 

We concluded that calcium accumulation into 
the mitochondria is reversible to some degree, 
and that mitochondria may play a part in 
intracellular calcium regulation. 
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FIG. 4.--Spectrum of 
mitochondria in control 
group. 

FIG. 5.--Spectrum of 
cytosol in control 
group. 

FIG. 6.--Spectrum of 
mitochondria in 
ischemia group. Note 
prominent calcium peak. 
FIG. 7.--Spectrum of 
cytosol in ischemia 
group. 

FIG. 8.--Spectrum of 
mitochondria in reper- 
fusion group. Calcium 
peak is also observed; 
however, calcium peak 
of reperfusion group is 
lower than that of 
ischemia group. 

FIG. 9.--Spectrum of 
cytosol in reperfusion 
group. 


J. Mol. Cell. Cardtotl. 


W. G. Nayler et al., J. Mol. Cell. 


, 1988. 


Ca content 


* 


ee *P<001 
= 

= 200 

pa 

—? 

un 

= 

o 

£ 

= 

= 100 

3 

Control Ischemia Reperfusion 


Mitochondria(o) 3841.6 202.3451.9 103.6+16.4 
(n= 15) (n= 15) (a=15) 


Cytosol (@) 43+3.5 41491 6.3475 
(n= 15) (n= 15) (n= 15) 


(mmol/kg dry weight) 


FIG. 10.--Change in calcium content of mito- 
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HIGH-EFFICIENCY X-RAY MONOCHROMATOR FOR MEASUREMENT OF Ca IN THE TEM 


Songquan Sun, J. McD. Tormey, and D. B. Wittry 


A novel miniature wavelength dispersive (WDS) 
monochromator with an LiF crystal has been de- 
veloped for use in a transmission electron mi- 
croscope (JEOL 100CX). Our goal has been to 
improve on the limited sensitivity available 
when energy-dispersive spectrometry (EDS) is 
used to measure low concentrations of Ca in bi- 
ological tissues. This paper presents the cal- 
culated performance, design features, and ex- 
perimental results. 


Limttattons of EDS 


When EDS is used to measure biological Ca in 
an electron column instrument, precision is se- 
verely limited by counting statistics. EDS was 
used by Tormey to quantify Ca in cardiac muscle, 
employing procedures similar to those used by 
Shuman et al.+ In a typical application, myo- 
fibrillar Ca increased from 1.4 + 0.2 to 2.6 +t 
0.3 mmol/kg dry wt when going from rest to con- 
tracture.* This precision (+ standard error of 
mean) was the result of 125 measurements in 
each condition. Since each individual measure- 
ment took 400 s live time, this result required 
over 30 h of acquisition time. The situation 
under which these measurements were made was 
nearly ideal. Furthermore, an analysis of var- 
iance showed that this result was obtained with 
minimal biological variation and flucturations 
in systematic errors.? 

The inherent error in each 400 sec measure- 
ment is accounted for by Poisson counting sta- 
tistics. The expected error in Ca peak counts 
is Y((S + B) + B), where S is signal counts and 
B is background counts. A typical peak (FWHM 
130 eV) consists of 65 signal counts in a 
240eV-wide window containing 4000 counts. Half 
the background is bremsstrahlung and the rest 
is overlap from the neighboring potassium peak. 
(The concentration of potassium in these cells 
is typically 500 times greater than that of 
calcium.) The expected error evaluates to +89 
counts and is in good agreement with indepen- 
dent estimates from least squares fitting sta- 
tistics. 


Expected Improvement with wDs 


A comparison of WDS and EDS can be made 
based on the minimum detection limits as a 
function of the signal to background ratio, the 
signal, and the measurement time. The detec- 
tion limit is given by Curie?: 


S. Sun and D. B. Wittry are at the USC De- 
partment of Materials Science, Los Angeles, CA 
90089-0241; J. McD. Tormey is at the Department 
of Physiology, UCLA School of Medicine, Los 
Angeles, CA 90024-1751. This work was support- 
ed in part by NIH grant HL31249 to J. McD. T. 
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C = 


MD 3.29C_YnB/S 


(1) 
where Cg is the mass fraction of a standard 
specimen and n varies between 1 and 2 depend- 
ing on the accuracy of background determina- 
tion. In EDS the full signal is spread over 
many channels. It has been suggested when the 
peak-to-background ratio is very small, the 
optimum window size would be 1.82 x FWHM.” We 
therefore use all the background in a 240eV- 
wide window to calculate Cyp for EDS. In WDS, 
however, if the natural line width is narrow, 
a monochromator collects all the signal when 
set at the peak. Hence, only the background 
that would be passed by a fixed monochromator 
is used to calculate Cmp for WDS. 

The key part of a monochromator is the dif- 
fractor. A doubly curved diffractor with 
point-to-point focusing could theoretically 
have high collection efficiency and energy 
resolution as shown by Wittry and Sun.® 
The new WDS monochromator used LiF(111) single 
crystal material (from Harshaw crystal dis- 
tributor, Englehard Corp.) which is doubly 
curved to the point-to-point focusing geometry 
for a Bragg angle 46.26°. This geometry has a 
toroidally curved surface and toroidally 
curved planes equivalent to rotation of the 
Johansson geometry about a line passing through 
the source and image points. If the crystal 
is well bent, the whole surface of this dif- 
fractor diffracts the Ca Ka incident x rays; 
the elliptically shaped diffractor measuring 
5.0 cm x 3.5 cm subtends approximately the 
same solid angle as the EDS detector, namely, 
0.075 sr. The diffracting efficiency of the 
diffractor could be 25% to 33%, considering 
polarization effects, along with effects of 
absorption, strains, and dislocations in the 
crystal. To find the appropriate polarization 
effect it is helpful to note that when x rays 
are diffracted, the component K, whose elec- 
tric vector is perpendicular to the plane con- 
taining the incident and diffracted ray is not 
affected, but the parallel component K|! 
reduced by a factor of cos 26 for a perfect 
crystal or cos?26 for a mosaic crystal.® In 
our case, since the incident radiation is un- 
polarized, each component has the relative 
value of 1/2, and also the diffractor is mosa- 
ic; the maximum intensity I, is 


i= [2 + cos?(26)/2] x Ig 


(2) 


where Io is the incident intensity. For @ = 
46.20°, Im » 0.5 Ig. The efficiency loss due 
to strains and dislocations could not be calcu- 
lated because it is determined by bending and 
surface conditions. 

Assuming the EDS detector is 100% efficient, 
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FIG. 1.--WDS monochromator. 


the signal-to-background ratio for WDS would be 
78-fold higher than for EDS; this assumes the 
WDS resolution to be 6 eV FWHM. Half the im- 
provement would arise from elimination of the 
overlap between potassium K8(3589 eV) and cal- 
cium Ka (3690 eV) peaks; these peaks corre- 
spond to Bragg angles of 47.98° and 46.26° re- 
spectively. The rest of the improvement is due 
to reduced bremssstrahlung transmitted by the 
monochromator's narrow bandpass. The ratio of 
detection limits for WDS vs EDS based on 
Curie's definition would be 1/5. This corre- 
sponds to a 25-fold reduction of measurement 
time for the same detection limits. The calcu- 
lation of these results are given as follows: 


(S/B) ens ; (FWHM) 56 
(S/B) yng = «-1-82 = 2 x (FWHM) ng 
2 J 
“1.82% 2.% 130." 78 (3) 


The ratio of detection limits for WDS and EDS is 


(Cumwos _ “Sens * S/Beps _ 1 es 
ae a 
(Cupeps “2wos * ©/8wns 


Since the measurement time is inversely propor- 
tional to the square of minimum detection lim- 
“its, a 25-fold reduction of measurement time 
for the same detection limits could be obtained 
from the result of Eq. (4). 


Design Features 


Figure 1 shows the monochromator; Fig. 2 is 
a schematic diagram. The crystal diffractor is 
fabricated by double bending of a cylindrically 
cut 0.25mm-thick LiF crystal lamella. To make 
a good LiF diffractor, about 20 fabrication 
steps (including all cutting, grinding, polish- 


ing, bending, and final preparation) are needed. 


The detailed description of the fabrication of 
this type of diffractor was given by Golijanin, 
Wittry, and Sun.’ 

Figure 3 shows the overall geometric condi- 
tions, as follows: (1) 2d sin @p = A, where d is 
the spacing of crystal planes, is the wave- 


length of incident x rays, and 6p is Bragg an- 
gle; (2) MI = MS = 2R, sin 6p, where MS and MI 
is the distance between the midpoint of the 
diffractor and the sample and the image on the 
window of detector respectively, and R, is the 
radius of focal circle; (3) the focal circle 
passes through points S, M, and 1; (4) the cur- 
vature of the diffractor surface in a direction 
perpendicular to the plane of focal circle is 
R,, where R, = 2R, sin?6p. 

Therefore we have designed and constructed 
a mechanism that provides three angular align- 
ments 6, >, and 6. The 6 alignment (46+2.5°) 
is used for Bragg angle scanning and the ¢ 
alignment (043°) is utilized so the diffractor 
will be symmetrical about a line through the 
source and image points. It is necessary to 
have a small rotation of the whole assembly (6 
= +0,5°) with respect to the plane containing 
focal circle to allow for fabrication errors 
and possible slight misalignment of (111) 
planes of the block of LiF used. 

The detector is a flow proportional counter 
using P-10 gas and has a window of aluminized 
mylar film 5.08 um on top of an aluminum foil 
1.27 um thick. The efficiency of this detector 
is calculated to be 66%, taking qccount of 
the calculated absorption by the argon (95%), 
experimentally determined transmission of the 
window (77%), and calculated net counts after 
including the escape peak effects (90.4%). 

The escape peak reduces the detector effi- 
ciency because its pulse height is proportional 
to the difference between energy of incident 
x-ray photon and energy of the argon Ka photon, 

Fortuitously, the JEOL 1LO00CX instrument has 
space for the diffractor above the specimen and 
a port in the front wall for the diffracted 
beam, so that no modifications to the electron 
microscope are required. Therefore, the LiF 
crystal diffractor, alignment mechanism, and 
detector are all contained in a compact assem- 
bly that fits through the existing port above 
the objective polepiece assembly. 


Preliminary Experimental Results 


Initial bench tests were first carried out 
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using a pure Ca target in a microfocus x-ray 
unit that was constructed from parts from the 
EMX-SM electron probe microanalyzer; then the 
monochromator was put into the electron micro- 
scope. 

A 10% diffracting efficiency was obtained 
based on the ratio of intensity of diffracted 
beam to the intensity of direct beam in the 
bench test. However, measurements in the JEOL 
100CX with simultaneous detection by EDS indi- 
cated a much lower efficiency (* 1%). It is 
thought that the discrepancy is due to an error 
in the bench test that resulted from dead time 
effects in the detector, since it was subse- 
quently found to be operating outside the 
proportional region. 

In the JEOL 100CX TEM, three targets were 
used: pure calcium; pure titanium; and a po- 
tassium compound, orthoclase (KAISi303). These 
targets could be placed on the Rowland circle 
passing through the LiF diffractor by adjusting 
the microscope sample stage in the x-y direc- 
tion. The Z adjustment of sample stage and 6, 
¢, and 6 adjustments of the monochromator were 
used with the monochromator in the TEM column 
to obtain a precise alignment. 

The pure calcium target was used for align- 
ment and measurement of efficiency. However, 
we cannot measure the background accurately by 
detuning the diffractor with this particular 
geometry since the collection efficiency 
changes with the 6 adjustment. Hence the pure 
titanium target was used to determine back~ 
ground from the continuum, since Ca and Ti have 
similar atomic number. The potassium compound 
target was used to study the KB peak and back~ 
ground to evaluate the sensitivity of the spec- 
trometer at wavelengths different from the Ca Ka 
radiation. 

In order to achieve the estimated improve- 
ments in acquisition time, it will be necessary 
to use WDS to measure the Ca peak while using 
EDS to evaluate the background. This a possi- 
ble procedure because the WDS system does not 
interfere with the simultaneous use of the EDS 
system. So far, 10 700 cps was obtained using 
EDS with Si(Li) detector and Link ANI0000 sys- 
tem, and 70 cps using WDS with an ORTEC-490B 
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FIG. 3.--Geometry of monochromator op- 
tics. 


single-channel analyzer and Anadex-CF204 timer 
and scaler; taking into account the 66% de- 
tector efficiency, the diffractor efficiency 
was about 1%. 


Discusston 


Up to now, the experiment is still in prog- 
ress. The preliminary results are quite dif- 
ferent from theoretical estimates; the discrep- 
ancy between the anticipated efficiency and ex- 
perimental results may be attributed to the 
following. 


1. The raw LiF block material was mis- 
aligned to some extent, which caused the (111) 
plane to be slightly tilted with respect to 
the surface. This misalignment was confirmed 
by a topograph of the bulk LiF material used 
for making the diffractor. 

2. The diffractor was imperfectly bent and 
had an incorrect surface treatment. 

3. The solid angle of collection by the 
diffractor was less than 0.075 sr because 
about 10% of area was lost due to some avoid- 
able obstruction by the diffractor mounting. 


Imperfect bending is the dominant factor, 
and improvement is expected with refinement of 
the bending procedures. A very promising ap- 
proach to this goal would be to use a stepped 
diffractor geometry,® which could provide 
point-to-point focusing with minimum plastic 
deformation. Since the fabrication of a 
stepped diffractor will reduce or completely 
eliminate the undesirable distortion of the 
crystal lattice, it has the advantages of 
higher diffracting efficiency and ease of con- 
trol of its performance. 

From the theoretical considerations and the 
preliminary results from the operation of the 
miniature spectrometer and the performance of 
a stepped mica diffractor, it is apparent that 
the monochromator with a doubly curved dif- 
fractor has promise for greatly improving the 
quantitation of Ca in biological specimens. 
Specifically, it promises to reduce the time 
it now takes to achieve useful results with 
EDS by more than an order of magnitude. 
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ELEMENT CONCENTRATIONS IN CARDIAC MYOCYTES ISOLATED FROM CONTROL AND 
POTASSIUM DEPLETED RABBITS STUDIED BY X-RAY MICROANALYSIS 


Alice Warley and J. P. T. Ward 


Previous studies have shown that, in the rab- 
bit, the myocardium adapts to K depletion by an 
increase in density of the sarcolemmal Na K 
pump. although this finding has been 
questioned.!*2 Any changes in the properties 
of the sarcolemma should be reflected in these 
cells when isolated. Here, we report results 
obtained from x-ray microanalysis of cardiac 
myocytes isolated from control and K-depleted 
rabbits. The isolated cells show changes in 
element concentration on exposure to various 
media, which are consistent with an increased 
Na K pump density. 


Methods 


Adult male NZW rabbits were fed either a 
standard diet or a diet deficient in K. The 
period of K depletion was 4 weeks. The animals 
were anesthetized, the hearts were removed, 
and myocytes were isolated by collagenase 
disaggregation. Cells from control animals 
were maintained in a Hepes buffered medium pH 
7.3 containing 144 mM MaCl, 0.3 mM NaH»PO.,, 

4 mM KCl, 1 mM MgCly, and 0.5 mM CaCly. Cells 
from the K-depleted animals were maintained 
either in the same buffer, or one in which K 
was reduced to 2 mM. The different concen- 
trations of K were used to mimic serum concen- 
trations of this element in control and deplet- 
ed animals. Isolated cells were incubated for 
a minimum of 20 min at 37 C. The cells were 
concentrated by centrifugation, the super- 
natant was removed, and drops of the pellet 
were quench frozen by plunging into liquefied 
propane. Cryosections 200 nm thick were cut on 
a Reichert cryoultramicrotome and placed on 
Pioloform coated Ni grids (100 mesh). The 
sections were freeze dried overnight and coated 
with carbon before analysis. Analysis was 
carried out in a Philips CMl12 electron micro- 
scope operating at 80 keV in STEM mode. The 
areas analyzed were large areas of the cell 
(probe 4-5 ym?). Spectra were collected for 
100-150 s live time and processed with EDAX 
9800 software. 


Results and Dtscusston 


Morphology. Isolated cardiac myocytes form 
two populations of cells morphologically 
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distinct in the light microscope, termed 
round and rod shaped cells. Our previous 
x-ray microanalysis studies confirmed that 
high concentrations of Na and Cl (often 

> 500 mmol/kg) are associated with the round 
(dead) cells.* In this study only cells 
showing elongated rod-shaped outlines were 
studied (Fig. 1). Subcellular details such 
as mitochondria, A bands, and z lines could 
be clearly seen in cells from both control and 
K-depleted animals. 


X-ray Miecroanalysts. Elemental concen- 
trations in cells from control animals and 
K-depleted animals maintained at 2 mM external 
K concentration and 4 mM external K concen- 
tration are shown in Table 1. The control 
cells had a mean K/Na ratio of 5:1 + 4.4 
(S.D.}; individual values ranged from 2 to 20 
with a median value of 4.4. The mean value 
for K/Na is lower than would be expected 
owing to relatively high concentrations of Na 
in some of the individual cells. High con- 
centrations of Na reported by x-ray micro- 
analysis could be due to technical problems 
such as inadvertent redistribution of this 
element, or possibly an error in quantitation. 
Care was taken when the frozen sections were 
handled to insure that redistribution of Na 
did not occur. The finding of lower concen- 
trations of Na in cells from the experimental 
animals handled under the same conditions 
suggests that technical problems were not the 
cause. High concentrations of Na have now 
been reported in a number of freshly isolated 
cells; therefore, increased permeability of 
the sarcolemma during isolation is a likely 
explanation of the increased Na concentration.° 
These results indicate that there is some 
heterogeneity, even in the rod-shaped myocytes, 
and for functional studies a method of selec- 
tion of cells by use of criteria other than 
morphology is needed. 

The concentration of Na and the overall 
K/Na ratio (5.4 + 4) were not changed in cells 
isolated from K-depleted animals despite an 
increase in the concentration of K. However, 
exposure of myocytes isolated from depleted 
animals to an external concentration of 4 mM K 
resulted in a significant (p < 0.001) decrease 
in intracellular Na concentration, and a 
significant increase (p < 0.001) in K concen- 
tration. The K/Na ratio in these myocytes was 
also increased to 9.9 + 3.8 (range 5-21). A 
highly significant decrease in Cl concentration 
was also found. The decrease in Cl can be 
clearly seen in the spectra from the various 
cells (Fig. 2). The concentration of Na was 
lower and less variable in the cells from 


TABLE 1.--Elemental concentrations in isolated cardiac myocytes (mmoi/kg dry weight + S.E.). 
n Na Mg P S Ci K 

Control 34 10749 49+2 382410 20148 236416 445411 

2mM K 38 11649 6643 452412 16646 223410 502415 

4mM K 31 6144 3344 256420 163+6 A344 546416 
RATE= SE7CPS YTIME@=§ 2@@LSEC 
FS= 137 3CNT PRST= i1@@LSEC 
B "CFB CELL FF WHOLE CELL 


1.--Freeze-dried frozen section of 


FIG. 
cardiac myocytes isolated from (a) K-depleted 
rabbits isolated in presence of medium con- 
taining 4 mM external K, (b) control rabbits; i 
subcellular detail such as nuclei, mitochondria 
and z lines can be clearly seen in these cells. 
Marker 3 um. 


K-depleted animals maintained at 4mM external 
K. The coefficient of variation for Na was 34% 
compared to 54% in the control cells. 
Concentrations of Mg, P, and S were variable 
among the different groups of cells. 

A finding of no change in Na concentration 
in the cells from the depleted animals is con- 
sistent with bulk analytical studies that 
showed no change in the ventricular 
concentration of this element, although 
the increase in K in the isolated cells was 
unexpected. The results from the cells from 
K-depleted animals maintained in the presence 
of 4mM external K (increased concentrations of 
K and lowered concentrations of Na) are in com- 
plete agreement with the bulk analytical 
studies, and are consistent with an increase in 
Na pump density in the sarcolemma of the K~ 
depleted animals. 
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FIG. 2.--Spectra taken from (a) cell from K- 
depleted rabbit isolated in the presence of 

4 mM external K, (b) cell from control rabbit. 
Note decrease in Cl in cell from experimental 
animal. 


"Adaptation of the cardiac muscle sodium pump 
to chronic potassium deficiency," Cardtovas. 
Res. 18: 257-263, 1984. 

2. L. Brown et al., "Quabain binding and 
inotropy in acute potassium depletion in 
quinea pigs," Cardiovas. Res. 20: 286-293, 
1986. 

3. C. H. Fry et al., "Net calcium exchange 
in adult ventricular myocytes: An assessment 
of mitochondrial calcium accumulating capacity," 
Proce. Roy. Soe. Lond. B223: 223-238, 1984. 

4. J.P. T. Ward and A. Warley, 'X-ray 
microanalysis of myocytes isolated from rabbit 
heart,'"' J. Phystol. 414: 54:, 1989. 

5. Z. Szallasi et al. "Effect of enzymic 
(collagenase) harvesting on the intracellular 
Na/K ratio of Swiss/3T3 cells as revealed by 
x-ray microanalysis," J. Cell Set. 90: 99-104, 
1988. 


J R Michael and Peter Ingram, Eds , Microbeam Analysis — 1990 
Copyright © 1990 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 1 4 


Techniques for Microanalysis in Medicine 


EFFECTS OF VIP SECRETORY STIMULATION ON CYTOPLASMIC ION 
CONCENTRATIONS IN MOUSE INTESTINAL CRYPT CELLS 


T. von Zglinicki and G. M. Roomans 


Agents that cause a rise of intracellular con- 
centrations of cAMP in intestinal crypt cells 
also stimulate electrolyte and water secretion 
in the gut. It is believed that an increase of 
the Cl permeability of the apical membrane 
resembles the primary event in stimulated 
secretion.! A decrease of intracellular Cl 
concentrations down to electrochemical equi- 
valent might therefore be expected in actively 
secréting cells. However, cAMP stimulates both 
basolateral Cl influx (probably via a NaKCl- 
cotransport mechanism) and K efflux. In fact, 
both apical Cl permeability, Cl entry, the Na 
exit step, and the K efflux must be stimulated 
and remain in a state of increased activity 
once secretion is stimulated.! Depending on 
the cell type studied and the drug used for 
stimulation, different ion transport systems 
could be rate-limiting. ! 

Changes of Na, K, and Cl concentrations in 
secreting cells indicate the relative effici- 
ency of the respective transport systems after 
Stimulation. Intracellular ion concentrations 
in the mouse intestinal mucosa were measured by 
x-ray microanalysis.* Vasoactive intestinal 
polypeptide (VIP) was used as a potent and fast 
stimulator of electrolyte secretion in the 
intestine. 3?4 


Expertmental 


Five female mice weighing 20-25 g were 
injected intraperitoneally with 5 mg VIP in 
0.2 ml physiological salt solution plus 0.1% 
albumin. Increased water and Cl secretion a 
few minutes after VIP stimulation, both in 
vitro and in vivo, is well documented.° After 
5 min, mice were killed by cervical dislocation 
and samples from the proximal part of the 
jejunum were taken by a cryobioptical 
technique. ® Sections about 0.2-0.5 um thick 
were cut in a LKB Cryonova at about 160 K, 
cryotransferred, and freeze-dried in a Phillips 
EM 400 electron microscope. The cytoplasm of 


the following cell types was analyzed at 100 kV: 


smooth muscle cells, Paneth cells, crypt A 
cells, and crypt B cells. It has been shown 
previously that the so-called undifferentiated 
crypt enterocytes can be discriminated into one 
subgroup of cells containing small secretion 
granula and rather low K concentrations under 
control conditions (crypt A cells) and a second 
group of enterocytes lacking secretion granula, 
but with significantly higher cytoplasmic K 
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(crypt B cells).* X-ray microanalysis was 
performed as previously described. 


Results 


Concentrations of Cl, Na, K, Mg, and Ca in 
the respective cells of controls and VIP- 
stimulated mice are given in Figs. 1-4. 

Control data were similar to those obtained 
in earlier studies.2>7 

Following stimulation with VIP, a signifi- 
cant increase in cytoplasmic Na and Ca con- 
centrations was found as a common pattern in 
both subtypes of crypt enterocytes. Decreases 
of cytoplasmic K concentrations were seen in 
both cell types, but were not significant at 
the 5% level. Cl concentrations increased 
after stimulation in crypt A cells, but tended 
to decrease in crypt B cells (Figs. la and b). 

Probably both cell types participate in 
Stimulated secretion. Since luminal Cl exit 
is stimulated by VIP, the results suggest that 
Cl entry is also increased. This basolateral 
Cl entry is coupled to Na and, possibly, to 
K.! Na is extruded from the cells via the 
basolateral Na/K-ATPase. However, because K 
concentrations are not increased in stimulated 
crypt enterocytes, it appears that basolateral 
K conductance is not the rate-limiting step. 
Instead, the capacity of the Na/K-ATPase seems 
to be rate limiting with respect to Na 
extrusion. In terms of Cl transport, the rate- 
limiting step is the exit pathway in crypt A 
cells, but might rather be the basolateral Cl 
inward transport in crypt B cells. However, 
Since changes in C1 concentrations are con- 
siderably smaller than those of Na, it might be 
concluded that the activity of the Na/K-ATPase 
sets the practical limit to electrolyte secre- 
tion in crypt enterocytes under VIP stimulation. 

Ca concentrations in crypt A and B cells 
were significantly increased after VIP 
stimulation. The Ca measured is evidently 
bound in Ca-sequestering organelles such as the 
endoplasmic reticulum, which was not discrim- 
inated from the cytoplasm in the frozen-dried 
cryosections examined. This result supports 
the idea of an interrelationship of cAMP and 
Ca as second messengers in VIP-stimulated 
secretion. ! 

There was an increase of cytoplasmic Na and 
K concentrations in Paneth cells after 
stimulation (Fig. lc). Two reasons appear 
possible for that increase: First, Paneth 
cells might be involved in stimulated 
secretion. [In this case, the activity of the 
basolateral Cl entrance mechanism would even 
be higher than the luminal Cl conductance after 
stimulation. In fact, because Na and K 
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mmol/kg dry weight) in the cytoplasm of 


(a) crypt B cells, (b) crypt A cells, (c) Paneth cells, (d) smooth muscle cells, under control 


conditions (CONT) and 5 min after VIP stimulation (VIP). 


Data are given as mean + SEM. Number n 


of cells measured is indicated. Significant differences (at 5% level) are indicated by s. 


concentrations were not significantly altered, 
apical Cl conductance would represent the rate- 
limiting step of VIP-stimulated electrolyte 
secretion in Paneth cells. Conversely, it is 
not clear whether Paneth cells are involved in 
secretion at all. Results obtained in muscle 
cells (Fig. 1d} show that VIP treatment 
depolarizes these nonsecreting cells, leading 
to Na and Cl influx and a highly significant K 
efflux. A similar mechanism (i.e., depolariza- 
tion) not including net ion transport may also 
be possibile in Paneth cells. 


ConeLlustons 


Changes in the cytoplasmic ion concentrations 
in the major epithelial cells of the intestinal 
crypts after VIP-induced stimulation were 
measured and compared with those occurring in 
smooth muscle cells as a nonsecreting cell type. 
VIP not only increases the luminal €1 conduc- 
tance in secreting cells, it also stimulates 
different basolateral ion transport systems. 
The relative amount of stimulation of these 
transport systems is cell specific. The con- 
tributions of any given cell type to the over- 
all secretion could be estimated only if the 
activity of at least one of the systems were 
measured by some other technique. In addition 
to secretory stimulation, VIP had a depolariz- 
ing effect in nonsecreting cells. 

The results presented are obtained from 
measurements performed on dried sections, i.e., 
from measurements of ion concentrations per 
dry mass of cytoplasm. The conclusions could 


be somewhat different if VIP treatment changed 
the water content of the cells. Water content 
measurements of the cells of the intestine are 
therefore under way. 
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CROSS-SECTIONAL IMAGING OF COATED DRUG GRANULES 


M. P. Mawn and R. W. Linton 


Coatings on pharmaceutical products serve many 
purposes such as hiding an unpalatable drug 
taste, giving increased stability, and provid- 
ing controlled-release dosage. An alternate 
approach to pharmaceutical drug coating charac- 
terization is reported here. Individual drug 
granule coatings are imaged as a complement to 
bulk studies such as dissolution tests, stabil- 
ity tests, and sieve analysis.}»* Microscopy 
and microanalysis of granule coatings provides 
information on the effects of manufacturing 
conditions on microstructural features that in- 
fluence dissolution behavior and drug bioavail- 
ability.°*»"*Successful cross-sectional imaging 
required the development of a sample prepara- 
tion technique suitable for optical, electron, 
and ion microscopies. Preliminary studies on 
the characterization of chemical components 
found within the drug granule were performed by 
time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) . 


Raperimentatl 


The granules were produced by a wet granula- 
tion process and contain approximately 13% 
antibiotic drug (MW 510), 4% cornstarch, and 
83% sucrose.” This inner granule (200-250 um) 
was then coated (10 um) with an hydrogenated 
cotton seed oil in a spray congealing microen- 
capsulating process. 

An Anatech LTD Hummer VII sputter coater was 
used to deposit a 400nm Au/Pd coating onto the 
granules with intermittent shaking to expose 
all surfaces. The inner granules were then ex- 
tracted in 9 M sulfuric acid for at least 12 h. 
A drop of the acid, which usually contains 5-10 
extracted granules in suspension, was then 
placed into a size 00 cylindrical tip (hemi-hy- 
perboloid) BEEM capsule. The capsule was cut 
and fitted with a 200-mesh Ni TEM grid. Dis- 
tilled water was then added to remove remaining 
acid and to trap the granules against the grid 
during drainage. The embedding material (JB-4 
Plus) was added dropwise (under N2 conditions) 
to infiltrate the granules and to prevent the 
low-density extracted drug coatings from float- 
ing. This procedure insures that all granules, 
irrespective of their coating thicknesses, are 
sectioned during microtoming. To prevent frac- 
ture during TEM grid removal, the tip was sand- 
ed flush with the grid before the grid was 
peeled back from the sample. The stub was mi- 
crotomed with a Sorvall MT-I ultramicrotome and 
glass knife, to approximately the midpoint of 
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the granules. Subsequently, 1-2um-thick sec- 
tions were obtained and mounted on a micro- 
scope slide for optical microscopy and carbon 
coated prior to SEM investigation. 

Two sets of samples were also prepared for 
TOF-SIMS analysis. Both positive and negative 
ion spectra were acquired by use of a 12keV Ar 
ion beam on the TOF I static SIMS instrument 
developed at the University of Minster.’ Set 
A consisted of a series of pure component drug 
granule (drug, sucrose, cornstarch, and wax 
coating) as well as extracted granules embed- 
ded in JB-4 Plus, sectioned to 1-2 um and sup- 
ported on pure Si wafer substrates. Set B 
consisted of the pure granule components (ex- 
cept cornstarch) dissolved in a Img/mL solu- 
tion (with water used for sucrose and methy- 
lene chloride for the dissolution of drug and 
wax coating components) and 2 yL was deposited 
on roughened Ag substrates. A solvent for the 
cornstarch granules could not be found and 
consequently a spectrum was not acquired for 
this minor granule component. (The cornstarch 
comprises of only 4% of the inner granule.) 
For a 70mm? monolayer coverage area of the 
drug, this corresponded to approximately 3.4 x 
10+* molecules/mm?. The greatest ion dose in 
any of the spectra for set A or B was 2 x 10° 
primary ions. Considering that the bombarded 
area was 1 mm?, this corresponded to a dose 
density of 2 x 10’) ions/cm?, well within the 
static SIMS regime of <1 x 107° ions/cm2 to 
assure minimal beam damage to surface mole- 
cules. 


Results 


The coated drug granules presented several 
obstacles to successful cross sectioning and 
microscopic imaging of the wax coating. Ini- 
tial attempts to cross section embedded gran- 
ules were only partly successful because the 
inner granule (composed of drug, sucrose, and 
cornstarch particles) is brittle and sometimes 
crumbles out of the thin section. Extraction 
of the inner granule before embedding, leaving 
only the wax coating, was found to facilitate 
sectioning. Unfortunately, the remaining wax 
coating is less dense than the embedding medium 
and therefore required the use of the BEEM cap- 
sule-TEM grid configuration to align the coat- 
ings against the grid for microtoming. An ad- 
vantage of this approach is that sampling bias 
does not occur when samples with differing den- 
sities need to be embedded. This sample prepa- 
ration regimen is also flexible in that various 
mesh TEM grids can be used depending on the em- 
bedding material, particle size, and sample/ 
embedding material density differences. A re- 
quirement for the embedding material is that it 
should have a quick cure time to lessen the 
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burden of addition of the embedding material 
dropwise until its viscosity is high enough to 


prevent further drainage. Various embedding 
materials were tried to optimize embedding, 
sectioning, and mounting the granule coatings. 
JB-4 Plus was found best suited for embedding 
since the wax coating appears insoluble in this 
material and also provides quick cure times. 
One disadvantage is that swelling occurs while 
mounting the sections with water, as observed 
by comparison of the section to the block face. 

Figures 1-3 are cross-polarized light micro- 
graphs of various extracted drug granule coat- 
ings. The coatings include regions of discon- 
tinuous coverage and a porous structure (Fig. 
1). These defects must affect dissolution be- 
havior. Application of a 400nm Au/Pd sputter 
film prior to extraction defines the particle 
surface in discontinuous coating coverage 
areas, which is essential for quantitative im- 
age analysis (Fig. 2). The Au/Pd film also 
identifies uncoated granules that would other- 
wise completely extract away, as illustrated 
for an uncoated control granule in Fig. 3. A 
correlative backscattered electron micrograph 
in Fig. 4 provides better definition of the Au/ 
Pd coating for the coated granule (previously 
shown in Fig. 2). The porous nature of the wax 
coating also is more apparent owing to the 
unique backscatter electron yields of the ex- 
posed glass slide, which appears as the inter- 
mediate gray level between the darker organic 
components and the brighter Au/Pd coating. 

The cross-sectioned wax coating appears to 
entrap portions of the inner granule during mi- 
croencapsulation instead of uniformly covering 
the example's surface. This result is consis- 


FIG. 1.--Polarized light micrograph 
(LM) of extracted granule coating 
after embedding and sectioning. 

Bar = 49 um. 

FIG, 2.--LM of Au/Pd-coated granule 
after extraction showing complete 
granule boundaries. Bar = 49 um. 
FIG, 3.--LM of Au/Pd-coated control 
granule without a wax coating, 
which leaves only Au/Pd shell after 
extraction. Bar = 49 um. 

FIG. 4.--SEM of granule in Fig. 2 
highlighting Au/Pd coating and por- 
ous wax coating (backscattered 
electron image}. Bar = 40 um. 


tent with the observation that the coating ma- 
terial is much more brittle during sectioning 
of the extracted drug granules than pure coat- 
ing material. Also, the coating thickness mea- 
sured by microscopy is thicker than expected 
from calculated results based on the average 
granule size and weight percent of wax applied. 
Typical average measured coating thicknesses 
are approximately 20 um, well above the pre- 
dicted 10um thickness. 

Attempts were made to stain individual drug 
granule components preferentially to identify 
trapped material within the coating by optical 
and electron microscopy, but the number of pos- 
sible stains was limited owing to the differing 
solubilities of the drug granule components. 
The coating is soluble in less polar organic 
solvents, whereas the sucrose in the inner 
granule is soluble in polar solvents. Vapors 
of osmium tetroxide and iodine were successful 
in staining the wax coating, but highly selec- 
tive staining of individual components could 
not be achieved. 

Chemical speciation of the trapped material 
was also investigated by TOF-SIMS. It was 
hoped that static SIMS could be used to gener- 
ate secondary-ion images reflecting the dis- 
tribution of each of the molecular components 
in the drug granule. However, significant dif- 
ferences were not found between the cornstarch, 
sucrose, and drug spectra reflecting relatively 
poor ion yields for both the molecular and 
characteristic fragment ions (sample Set A). 

A more suitable SIMS sample preparation 
(sample Set B) was used to take advantage of 
enhanced ion yields from monolayer depositions 
on an underlying Ag substrate. The Ag serves 
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FIG. 5.--Static SIMS spectrum of pure drug com- 
ponent deposited on Ag substrate in monolayer 
coverage. 


to provide a source of metal ions to enhance 
the detection of molecules as adduct ions (M + 
Ag)*. Sodium and potassium were present in 
sufficient abundance to provide additional ad- 
duct formation. 

Figure 5 is the positive ion spectrum of the 
drug, which was dissolved in methylene chloride, 
and deposited onto an Ag substrate. The spec- 
trum was ratioed to a Ag blank, which removed 
plasticizer peaks (memory effects in the TOF- 
SIMS I). The parent molecular ion (MW 510) for 
the drug is not abundant. However, Nat, K+, 
and Ag+ adducts at masses 533, 549, and 617/619, 
respectively, are prominent. The addition of 
Na or K to cross-sectioned extracted granules 
may enhance ion yields and adduct formation 
sufficiently to allow chemical ion mapping to 
be performed. A list of secondary ions, with 
assignments and ion dose corrected peak inten- 
sities, is given in Table 1. The list includes 
promising candidates to perform ion mapping of 
the spatial distributions of the individual 
components. The large dynamic range of SIMS 
allows large peak intensity differences, which 
are apparent for each of the (M - H)- and (M + 
Metal)*+ ions relative to the other components 
(Table 1}. For example, the ions at masses 
283, 365, and 533 are highly specific to the 
wax, sucrose, and drug components, respectively. 
Using the integrated intensities of the drug + 
Ag?°’ and drug + Ag?°® adducts, and assuming 
similar ion yields can be achieved for an alkali 
ion adduct for the embedded drug granules, one 
can make an estimate for the resolution attain- 
able for the drug in a static (1 x 101? primary 
ions/cm?) ion map (M3 + Na)*. The (drug + Ag)+ 
combined isotope integrated intensity was 1.4 x 
10° counts for a primary ion dose of 2.2 x 10° 
jons in a Imm? area. For 10% precision (100 
counts), a resolution in the lum? range should 
be achievable with a focused liquid-metal ion 
source. 


ConeLustons 


A novel sample preparation method was devel- 


TABLE 1.--Ion dose-corrected peak intensities 
for drug granule components deposited on 
roughened Ag substrates in approximately mono- 
layer coverages. 

Mila= PALMITIC ACID (WAX COATING) 


Mlb= STEARIC ACID (WAX COATING) 


M2 = SUCROSE 
M3 = DRUG 
MASS COMPONENT Ml M2 M3 
255.4 (Mla-H)- 15970 6244 1317 
283.5  (Mib-H) - 38974 1658 589 
341.3. (M2-H)- 585 15552 429 
365.3. (M2+Na) + 97 261077 10363 
381.3 (M2+K) + 82 6253 3295 
449.2. (M2+Ag!07) + 79 115702 5859 
509.1 (M3-H)- 524 239 2999 
533.1  (M3+Na) + 62 2434 130668 
$49.1 (M3+K) + 112 1370 71256 
617.1 (M3+Ag!07) + 75 797 102224 
oped to image directly drug granule coatings 


by optical, electron, and ion microscopy. Ex- 
amination of the drug coatings suggests that 
some inner granule material is entrapped with- 
in the coating, and that the coatings show 
considerable variations in thickness and poros- 
ity. Such defects will influence the biologi- 
cal activity of the drug as will be assessed 
quantitatively by correlation of morphometry 
measurements with dissolution tests. Molecular 
imaging of the individual components within the 
drug granule cross sections will be attempted 
by use of static SIMS. The incorporation of 
alkali metals into the cross sections may help 
improve detection sensitivity by use of metal 
ion adducts of the molecular species, as sug- 
gested by the Na and K adduct formation ob- 
served from monolayer coverages of pure com- 
ponents deposited on Ag substrates. 
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PREPARATION OF FREEZE-DRIED SECTIONS OF HUMAN BIOPSIES FOR 
X-RAY MICROANALYSIS 


K. E. Tvedt, Jostein Halgunset, Gunnar Kopstad, and Asbjgrn Nordby 


The benefit of cryoultramicrotomy as a prepara- 
tive technique for x-ray microanalysis is two- 
fold: cryofixation retains soluble components 
that would have been otherwise lost or dis- 
Placed, and thin sections provide optimal 
spatial resolution. Such sections, if kept 
frozen-hydrated or if carefully freeze-dried, 
may preserve the elemental gradients present at 
the moment of freezing. 

This paper presents a method for rapid and 
convenient preparation of human tissue obtained 
by needle biopsies. The method has been used 
to perform elemental analysis of various com- 
partments in prostatic and mammary epithelial 
cells. Even if the manipulation of the tissue 
specimen as well as the time lapse between the 
biopsy taking and the freezing have been reduced 
to a minimum, the data indicate that some redis- 
tribution of the more mobile elements may occur. 


Expertmental 


Prostatic tissue cylinders (2 mm in diameter) 
were obtained from ten patients with Tru-Cut® 
disposable needles. Mammary tissue cylinders 
(1.2 mm in diameter) were obtained from four 
patients with Biopty Cut® equipment. 

The tissue cylinder was transferred to a 
Formvar film supported by a polystyrene frame, 
and quickly frozen by the firm pressure of a 
pair of pliers (Fig. 1), precooled in liquid 
nitrogen.! After freezing, the tissue block 
was kept submerged in liquid nitrogen until 
sectioning. The frozen specimen was mounted 
into the flat specimen holder of a Reichert-Jung 
Ultracut/FC4 Cryosystem.® Thin sections were 
cut at-130 C and collected onto Formvar coated 
grids, situated inside a transportable press 
(Fig. 1).2 The press was flushed with cold 
nitrogen gas during transport to an external 
freeze-drier. After freeze-drying overnight, 

a Formvar film was mounted on top of the 
grid/retainer assembly. X-ray microanalysis 
was performed with a Kevex 7000 energy- 
dispersive spectrometer in combination with a 
JEOL 100 CX electron microscope with a scanning 
equipment. X-ray counts were converted into 
concentrations (mmol/kg dry weight) by pro- 
cedures described in detail elsewhere.@ 


Results 


The flat specimen obtained with the described 
freezing method proved to be particularly use- 
ful in these types of specimens, since both the 
human prostate and the mammary gland contain 
large areas of stromal components, which often 
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makes it necessary to perform several section- 
ing sessions in order to produce suitable 
sections of epithelial cells. The homogeneous 
sectioning properties of the flat specimens 
were therefore of great advantage. 

The morphological resolution was sufficient 
to permit easy recognition of the main cellular 
and tissue structures. (Figs. 2 and 3). In 
breast tissue, the intralobular stroma was 
clearly distringuished from the extralobular, 
which typically contains thick bundles of col- 
lagen fibers. It was therefore often possible 
to confirm the light microscopical diagnosis 
determined from adjacent pieces of tissue. 

Organelles containing large amounts of 
calcium, zinc, and magnesium were found in the 
cytoplasm of prostatic epithelial cells (Fig. 
4). The concentration of calcium was nega- 
tively correlated to phosphorus (Fig. 5). 

High concentrations of calcium were also found 
in organelles in the cytoplasm of epithelial 
cells of the mammary gland. However, in 
contrast to the prostate, most of the mammary 
cells revealed severe membrane leakage. 
Na:K-ratios close to extracellular values were 
commonly encountered (Table 1). 


Conelustons 


Needle biopsies represent a rich source of 
human material for x-ray microanalysis. The 
freezing method presented represents a modifi- 
cation of a method introduced by Hagler et al.? 
When supported by Formvar film even small and 
delicate pieces of tissue are easily frozen, 
and the subsequent sectioning can be usually 
performed without difficulty. 

The loss of blood supply after the exision 
of a biopsy causes a leakage of ions. It is 
therefore important to freeze the tissue as 
quickly as possible. Local enrichment of 
calcium in intracellular compartments may be 
caused by leakage of calcium ions into the 
cytoplasma, where they precipitate as calcium 
phosphate. However, in most prostatic glands 
we found a significant negative correlation 
between calcium and phosphorus, which may 
indicate protein binding of the ion. Further- 
more, the sequestration of zinc and magnesium 
as well as calcium in these compartments 
indicates strongly that these structures 
represent secretory granules rather than 
artifacts. In the data from the mammary gland, 
on the other hand, there is clear evidence that 
massive leakage has taken place (Table 1). 

Some of the epithelial cells show Na:K ratios 
close to the extracellular value. Another 
remarkable result is the consistently lower 
Na:K ratio in the small, electron-dense, 
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Ca fact that different types of biopsy needles of 
mmol/kg d.w. different caliber were used to collect the 
tissues may also have played a role. The 
prostatic tissue cylinders (2 mm in diameter) 
were much thicker than the mammary tissue 
cylinders, which were collected with a needle 
only 1.2 mm in diameter. Thus, the harmful 
effect of mechanical trauma, as well as the 
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calcium-containing organelles in the cytoplasm 

(Table 1). Most likely, these electron dense 

structures represent membrane bound organelles 

less prone to leakage than the plasma membrane. 
The marked difference in behavior between 

the prostate and the mammary gland may be due 

to difference in vulnerability to the mechanical 

trauma induced by the biopsy procedure. The 
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FIG. 1.--Illustration of freezing procedure. (a) Specimen is placed on Formvar film supported 
by a circular frame. (b) Freezing is performed by firmly clamping of specimen with a pair of 
pliers precooled in liquid nitrogen. (c) A piece of frozen specimen is mounted in the flat 
specimen holder. 

FIG. 2.--TEM of prostatic tissue, showing acinar cells, stromal components (lower part), and 
luminal secretion (upper part). Magnification 4200x. 

FIG. 3.--TEM of mammary tissue, showing acinar cells and intralobular stroma with thick bundle 
of collagen. Magnification 3000~x. 

FIG. 4.--X-ray spectrum demonstrating elemental composition of secretory granule (prostatic 
epithelial cell), showing high concentrations of calcium, zinc, and magnesium. 
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APPLICATIONS OF X-RAY MICROANALYSIS TO THE STUDY OF DRUG DISTRIBUTIONS IN CULTURED CELLS 


Rew Aas 


A potentially important application of the 
technique of x-ray microanalysis is the study 
of the transport of drugs and the determination 
of sites of their accumulation in cells of 
treated animals or humans. In order for a drug 
to be distinguished by x-ray techniques, it has 
to contain an element not normally present in 
the cell. If such an element is absent in the 
structure of the drug, labeling has to be car- 
ried out to identify the molecule. Studies us- 
ing this approach have been carried out by sev- 
eral investigators with the iodine-containing 
antiarrhythmic drug amiodarone'~* and the bro- 
mine-containing anesthetic halothane.* In 
these studies it was shown that the drugs tend 
to concentrate in specific organelles of the 
cells (e.g., amiodarone in lipid lamellar bod- 
ies and halothane in mitochondria). Since 
arugs may not bind irreversibly with 
intracellular components, histological proce- 
dures used in conventional electron microscopy 
may not preserve the drug molecules in their 
original intracellular location. Rapid freez- 
ing combined with cryomicrotomy is a method 
that preserves the distribution of the diffus- 
ible molecules. 

We have previously reported our results on 
the use of x-ray microanalysis to measure 
quantitatively the subcellular distribution of 
iodine in alveolar macrophages of rats treated 
with amiodarone.® Amiodarone is a cationic amphi- 
philic compound that is very effective for the 
treatment of ventricular arrhythmia. One major 
problem with this drug is that it can cause 
cellular lipidosis and pulmonary toxicity. ° 
Structurally, the drug contains two atoms of 
iodine per molecule (Fig. 1). Therefore, it 
can be followed by the x-ray microanalysis 
technique. We found small amounts of iodine 
throughout the alveolar macrophages following a 
single administration of the drug. The major 
accumulations were observed in the lipid lamel- 
lar structures, which were of lysosomal origin 
and appeared as amorphous bodies in freeze- 
dried cryosections. More recently we have ex- 
amined the effects of l-week and 9-week treat- 
ments with amiodarone to assess the drug dis- 
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tribution with longer-term administration. 
Severe lipidosis in the alveolar macrophages 
occurred after the l-week treatment with amio- 
darone. Substantial changes in iodine distri- 
bution occurred in cells with increasing 
length of drug treatment. In addition to the 
high concentrations of iodine in the lamellar 
bodies, the iodine levels in the nuclei slowly 
increased with the length of treatment, and 
after 9 weeks of treatment approached the high 
levels found in the lamellar bodies. From 
HPLC analysis of the metabolites present in 
the cells after amiodarone treatment, it is 
thought that this accumulation of iodine in 
the nuclei is due to the presence of polar me- 
tabolites. Because x-ray microanalysis mea- 
sures only the iodine signal, we werenot able to 
distinguish amiodarone and its metabolites in 
the cells. Im in vitro cultures of alveolar 
macrophages, neither amiodarone nor its major 
metabolite, desethylamiodarone, is metabo- 
lized.’ This observation allows us to study 
the accumulation of each drug independent of 
one another. In this paper we report our re- 
sults on the differential accumulation of am- 
iodarone and desethylamiodarone by alveolar 
macrophages in culture. 


Methods 


Cell Culture. Alveolar macrophages were 
collected from untreated or chlorophentermine- 
treated (30 mg/kg, i.p. for 3 days) male Fisch- 
er 344 rats (250-300 g, Hilltop Laboratories, 
Scottdale, Pa.) by pulmonary lavage under ster- 
ile conditions using eight 5 ml aliquots of 
warm, filtered calcium-free Hanks! balanced 
salt solution (HBSS), pH 7.4. The collected 
fluid samples were centrifuged at 500 ¢g for 7 
min. The cell pellet containing alveolar mac- 
rophages was resuspended in a sterile growth 
medium (RPMI 1640 medium with L-glutamine, 10% 
fetal bovine serum, gentamicin sulfate (10 
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FIG. 1.--Structures of amiodarone and its pri- 
mary metabolite, desethylamiodarone. 


430 


FIG. 2,.--Transmission electron micrographs of 
rat alveolar macrophages. (A) Freeze-dried 
eryosection without chemical fixation or stain 
of cell from rat treated with amiodarone for 9 
weeks. Lighter inclusions are amorphous bod- 
ies. (B) Freeze-dried cryosection of cultured 
cell exposed to desethylamiodarone for 42 h. 
Large number of dark, small inclusions are 
dense granules and the few lighter, larger in- 
clusions are amorphous bodies. (C) Plastic 
section with chemical fixation and staining of 
cell from rat treated with amiodarone for 9 
weeks. 


mg/ml), and 2-mercaptoethanol (10 mmol in 0.02 
KOH). Cells were plated at a concentration of 
0.5 X 10° celis/ml in tissue culture plates or 
wells. Prior to treatment with drugs the cells 
were allowed to equilibrate for 1 h at 37C ina 
tissue culture incubator containing air and 5% 
CO,. Amiodarone or desethylamiodarone was add- 
ed to the culture to a final drug concentration 
of 7.5 uM. Control cultures were treated with 


the 50% ethanol vehicle (0.1% final concentra- 
tion). After 42 h, the conditioned medium was 
removed from the plates and centrifuged to re- 
move floating cells. The adherent cells were 
washed gently with saline three times, then 
scraped into 0.5 ml of saline and processed for 
cryofixation. A sample was also processed for 
HPLC measurement to determine the purity of 

the original drug. 


Embedding Plastic for Conventional Mtecro- 
scope. The procedure used has been described 
previously by Reasor et al.?* Cells were fixed 
for 1 h at 4 C in 3% glutaraldehyde in Duibec- 
co's PBS (pH 7.4). After having been in PBS, 
the celis were postfixed in 1% OsOy, in PBS for 
1h at room temperature. To preserve the lipid 
lamellar structure of the cells, they were in- 
cubated in 0.5% tannic acid in PBS for another 
hour. The cells were then dehydrated with a 
series of ethanol solutions of increasing con- 
centrations, infiltrated in propylene oxide, 
and embedded in Epon 812. Sections were cut 
and stained with 3% uranyl acetate for 20 min 
followed by Reynold's lead citrate for 5 min. 


Cryoftxation and Cryosecttoning. To prepare 
cells for freeze preservation, the cells were 
centrifuged at 500 g for 10 min at 4 C and re- 
suspended in plasma. Plasma is necessary to 
provide energy for metabolism and to aid in 
cryosectioning. In order to allow recovery of 
their cellular potassium, the cells were warmed 
to 37 C for 15 min and centrifuged in a Beckman 
Microfuge (Model B) at 4000 g for 10 s to ob- 
tain a pellet. A portion of this pellet was 
used for x-ray microanalysis. Small drops of 
packed cells were deposited on wooden dowels 
(4 mm in length, 1.5 mm in diameter) and rapid- 
ly frozen in precooled liquid propane stirred 
to maintain a low fluid temperature (-190 C). 
Sections were cut at -110 C with glass knives 
in an Ultracut E41 microtome equipped with a 
low-temperature sectioning system (FC4C, Rei- 
chert). Sections were then transferred in the 
dry cold (-110 C) atmosphere of the chamber 
onto the center of a nitrocellulose film about 
twice the size of an electron microscope grid. 
A nickel grid (100 mesh) covered with nitrocel- 
lulose was carefully placed on top of the sec- 
tions so that the sections were sandwiched be- 
tween two nitrocellulose films. During freeze- 
drying, cold small brass containers were used 
to protect samples. The sections were freeze- 
dried in a vacuum evaporator (Denton Vacuum, 
Cherry Hill, N.J.) equipped with a turbomolecu- 
lar pump (Balzers, Asslar, Germany). These 
containers were allowed to warm to room temper- 
ature in a vacuum. The sections were then 
coated with a thin film of carbon in the evap- 
orator before being used for x-ray microanaly- 
sis. Dry nitrogen was vented into the evapo-~ 
rator to prevent rehydration of the samples af- 
ter the coating procedure. 


X-ray Microanalysts. The procedure for 
X-ray microanalysis has been described previous- 
ly.?*° A Kevex 7000 spectrometer (Kevex Corp., 
San Carlos, Calif.) interfaced to a PDP 1123 
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FIG. 3.--X-ray spectra of amorphous bodies from 
(A) untreated alveolar macrophages, (B) cul- 
tured alveolar macrophages exposed to dese- 
thylamiodarone for 42 h. 


computer (DEC, Maynard, Mass.) was used in 
conjunction with a JEOL 100 CX electron micro- 
scope to collect the x-ray data. Sections on 
nickel grids were transferred to the microscope 
carbon sample holder in the dry nitrogen atmos- 
phere of the desiccator. The samples were ana- 
lyzed for 50 s at an accelerating voltage of 

80 kV and a beam current of 1 nA. Our quanti- 
tation procedure consists of measuring the mass 
from the continuum and fitting the characteris- 
tic x-ray peaks from the standards with those 
from the samples by multiple least-squares 
method. °~?° 


Results 


Extensive accumulation of lipid lamellar 
structures occurs in cells that have been ex- 
posed to amiodarone for extended periods. * 
Figure 2(A) shows a freeze-dried cryosection 
of a cell from a rat treated with amiodarone 
for 9 weeks.* Sufficient morphological detail 
is present in the cryosectioned sample to al- 
low identification of the various subcellular 
structures. An alveolar macrophage treated 
in culture with amiodarone for 42 h is shown 
in Fig. 2(B). It contains some amorphous bod- 
ies, but primarily dense granules. These seem- 
ingly amorphous bodies are in fact lipid lamel- 
lar structures, which can be seen in plastic 
sections prepared by chemical fixation and 
staining techniques (Fig. 2C). 

Typical x-ray spectra of amorphous bodies 
from control and desethylamiodarone-treated 
cultured cells are shown in Fig. 3. Similar 
spectra are obtained with exposure of the alve- 
olar macrophages to amiodarone, except that the 
iodine peaks are somewhat depressed. The iodine 
concentrations in the desethylamiodarone-treat- 
ed cells are higher than in amiodarone-treated 
ones. This finding is true for all the ana- 
lyzed regions including nucleus, cytosol, dense 
granules, and lipid amorphous bodies (Table 1). 
The dense granules and the lipid amorphous bod- 
ies apparently are of lysosomal origin. The 
concentration of amiodarone is uniform among 
the amorphous bodies, whereas a much more het- 
erogeneous pattern is seen in desethylamioda- 
rone-treated cells. The desethylamiodarone 
concentrations in the amorphous bodies cover a 
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FIG. 4.--Distribution of iodine in amorphous 
bodies from macrophages treated in culture 
with amiodarone (circles) or desethylamio- 
darone (triangles). 


broader range than that of amiodarone concea- 
trations, and a bimodal distribution is seen 
(Fig. 4). 


TABLE 1.--Distribution of iodine in alveolar 
macrophages in culture. 


Jodine Concentration 
(mmoles/kg dry wt.) 


Cellular Treated with| Treated with Des- 
Compartment j Amiodarone® | ethylamiodarone® 


Nucleus 7+1 (50)b 2941 (42) 
Cytosol 8t+1 (50) 3141 (45) 
Amorphous 

bodies 13+1 (50) 5644 (35) 
Dense 


granules 1041 (50) 9025... (22) 


* alveolar macrophages were exposed to amio- 
darone or desethylamiodarone (7.5 uM) for 42 
Dis 


Data are given as mean + SEM (n), where n 
is the number of analyses. 


In order to study the effects of preexist- 
ing lipidotic condition in cells on the accum- 
ulation of the drugs, we have produced lipi- 
dotic alveolar macrophages by treating rats 
with chlorphentermine.** This treatment re- 
sulted in a massive accumulation of amorphous 
bodies in cells. When these cells were ex- 
posed to amiodarone and desethylamiodarone in 
culture, we observed the same preferential ac- 
cumulation of desethylamiodarone over amioda- 
rone in these lipid-filled cells, although the 
difference between the two drugs was not as 
great as in those without preexisting lipido- 
sis. Within an individual amorphous body, the 
concentration of iodine also appeared to vary 
depending on which part of the structure was 
analyzed. There was a higher concentration of 
the iodine at the dark edges of the amorphous 
bodies than in their lighter centers (Table 2). 
Apparently the drug is not able to penetrate 


into the deepest part of the lipid lamellar 
structure. 


TABLE 2.--Distribution of iodine in alveolar 
macrophages from chlorphentermine-treated rats 
exposed to amiodarone or desethylamiodarone in 
culture.4 


Iodine concentration 
(mmoles/kg dry wt.) 


Cellular Treated with | Treated with Des- 
Compartment Amiodarone ethylamiodaroneD 
Nucleus 6+1 (43)¢ 104+2 (33) 
Amorphous 
bodies 
Edge 641 (41) 2122 (50) 
Center 4+1 (40) 6+1 (50) 


*Rats were treated with chlorphentermine 
(30 mg/kg, i.p.) for 3 days. 


alveolar macrophages were exposed to amio- 
darone or desethylamiodarone (7.5 M) for 42 
h. 


“Data are given as mean + SEM (n), where n 
is the number of analyses. 


Discusston 


It is clear from thie results presented that 
x-ray microanalysis can be usefully exploited 
to study drug accumulation if suitable condi- 
tions exist. A problem with this analysis is 
that the label has to be present in millimolar 
concentrations in order to be measured with 
reasonable accuracy. The reason amiodarone and 
desethylamiodarone can be successfully detected 
in the alveolar macrophages is that these drugs 
bind with phospholipid and accumulate in the 
lysosomal lamellar structures in relatively 
high concentrations. Another handicap of the 
x-ray microanalysis technique is its inability 
to distinguish the chemical forms of the mole- 
cule that contain the element of interest. In 
our previous in vivo experiments with amioda- 
rone,*’* the high iodine signal detected in the 
dense granules and lamellar structures clearly 
did not come from amiodarone alone because the 
drug is metabolized in the liver and desethyl- 
amiodarone and bis-desethylamiodarone must also 
have contributed to the signal.** There is no 
way to tell the relative amount of each metabo- 
lite in the various structures. In vitro cul- 
tures of alveolar macrophages circumvent this 
difficulty. The fact that alveolar macrophages 
metabolize neither amiodarone nor desethylamio- 
darone makes it possible to study the intracel- 
lular distribution of the two drugs in cultured 
cells by x-ray microanalysis and to examine the 
differential accumulation in the cell. Alveo- 
lar macrophages exposed to either amiodarone or 
desethylamiodarone accumulated significant lev- 
els of the drug during 42 h in culture. In 
both cases, iodine, which serves as a marker 
for the drugs, was distributed into all com- 
partments that were analyzed. The iodine lev- 
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els are higher in amorphous bodies and dense 
granules than in the cytosol and nucleus. 
Desethylamiodarone is clearly taken up into 
all compartments of the cells to higher levels 
than is amiodarone. In particular, desethyl- 
amiodarone is markedly higher in amorphous 
bodies than is amiodarone. This higher accumu- 
lation of the desethylamiodarone is apparently 
due to its higher binding capability to phos- 
pholipids. We have no proven explanation for 
the broad distribution of desethylamiodarone. 
In order to test how preformed lipid lamel- 
lar structures affect the accumulation of the 
drugs, we produced lipidotic alveolar macro- 
phages by treating rats with chlorphentermine. 
Again, the desethylamiodarone concentration in 
the lamellar structures was higher than the 
amiodarone, but the concentration of the drug 
was lower than that found with no preexisting 
lipid structures. When the total amount of 
drug present in the cell is measured by use of 
HPLC, we have found that the lipidotic cells 
contain much greater amounts of the drugs than 
the non-lipidotic cells. Because of the pre- 
ponderance of lipid structures in the cell, it 
is not difficult to see that the total amount 
of drugs in the cell is higher, though the con- 
centrations in the organelles are lower than 
that found in normal alveolar macrophages when 
exposed to the drugs. The difficulty of the 
drugs in penetrating the inner portion of the 
lamellar structure is clearly shown by the 
finding of relatively high iodine signal found 
at the edges as opposed to the center of the 
lamellar structure. In summary, we have shown 
that by using in vitro culture of cells we were 
able to investigate intracellular accumulation 
of amiodarone and desethylamiodarone indepen- 
dent of one another. 
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HEXACHLOROBENZENE TOXICITY IN THE MONEKY OVARY: 


13 
Analysis of Environmental Toxicants 


II. ULTRASTRUCTURE INDUCED 


BY MEDIUM (1.0 mg/kg) DOSE EXPOSURE 


A. Singh, D. E. Sims, J. Jarrell, and D. C. Villeneuve 


Hexachlorobenzene (HCB), a persistent organo- 
chlorine pesticide, is known to occur in the 
environment»? and is produced as a byproduct 
during the manufacture of chlorinated sol- 
vents.*> HCB has been shown to be present in 
human serum and follicular fluid. An objec- 
tive of the present study was to detect the cy- 
tologic effects of HCB on ovarian follicles in 
a primate model. This report is part of a 
larger investigation to study the ovarian tox- 
icity of HCB. 


Experimental 


Eight cynomolgus monkeys were housed under 
controlled conditions at the Animal Facility of 
Health Protection Branch, Ottawa.’ Animals 
were orally administered gelatin capsules con- 
taining HCB mixed with glucose in daily dosages 
of 0.0 or 1.0 mg/kg body weight for 90 days; 
the former was the control group. On the men- 
strual period following completion of dosing, 
the animals were induced to superovulate by use 
of pregnol and HCG, and then humanely killed. 
At necropsy, one ovary from each animal was 
diced into 2-3mm cubed specimens that were 
fixed by immersion in 2.5% glutaraldehyde in 
0.1 M cacodylate buffer (pH 7.3); specimens 
were post-fixed in 2% osmium tetroxide prepared 
in the same buffer, followed by conventional 
processing procedures for transmission electron 
microscopy.” Thin sections were examined in a 
Hitachi H-7000 electron microscope at 75 kV. 
The term follicle was used in the same context 
as defined by Haney. °z 


Results 


Images of ovaries from animals of the con- 
trol group were characteristic of normal monkey 
ovary (Figs. 1 and 2). In early follicles, nu- 
clei of developing ova were vesicular and 0o- 
plasm mitochondria were distributed typically 
in several clusters. A layer of follicular 
cells in early follicles that was composed of 
simple flat or squamous epithelium rested on 
basal lamina which separated the cells from 
theca folliculi (Figs. 1 and 2). In the treat- 
ed group, follicles at various stages of devel- 
opment manifested morphologic lesions. Degen- 
erative changes were observed in developing ova, 
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follicular cells, and theca folliculi (Figs. 3 
and 4). Nuclei of many developing ova had 
lost chromatin; some of these nuclei contained 
pyknotic nucleoli. Ooplasm in early follicles 
was most severely affected (Fig. 3). Mito- 
chondria had electron-lucent matrices, had 
lost their characteristic distribution pattern, 
and were gathered as a single heap in the cy- 
toplasm. Ooplasm in primordial follicles had 
heightened number of lysosomal elements (Fig. 
3). Basal lamina in these follicles had 
thickened. Follicular cells showed degenera- 
tive lesions (compare Fig. 2 with Fig. 4). 
Cells of the theca folliculi contained necrot- 
ic cytoplasm (Fig. 4); some primordial folli- 
cles were denuded of this layer (Fig. 4). 
Ovarian stroma exhibited a paucity of cells, 
giving it a fibrous appearance. 


Dtseusston 


The ovary from cynomolgus monkeys fed 1.0 
mg/kg of HCB exhibited follicle and stromal 
lesions and was consistent with architectural 
alterations in the ovary that were recorded in 
animals dosed with a 0.1 mg/kg body weight of 
HCB.* The described alterations in the pres- 
ent study of follicles and stroma from ovary 
of monkeys fed HCB might have occurred due to 
atresia, a normal physiological phenomenon, 
but atresia of follicles in the monkey is her- 
alded by changes which occur first in follicu- 
lar (granulosa) cells that show pyknotic nu- 
clei.’ Follicular cells in the examined folli- 
cles from treated group had vesicular nuclei 
(Fig. 4}. The presence of electron-lucent mi- 
tochondria in our study may be indicative of 
water and solute influx into the cell, and 
therefore of an abnormal cell. Altered mor- 
phology of mitochondria may result from any 
injury-causing entry of solutes into cells or 
its organelles.’° 

In the present work, cytoplasm of develop- 
ing ova contained an augmented number of lyso- 
mal elements which is suggestive of increased 
intracellular digestive activity presumably 
due to cell injury as a result of chemical in- 
sult. Autophagy is exaggerated in cells af- 
fected by sublethal injury.®°? The breakdown 
of follicular cells observed in our work may 
allow greater exposure to the chemical, and 
thus cause degeneration of developing ova... A 
fibrous appearance of ovarian stroma may have 
been caused by degeneration of cells in the 
interfollicular region. 

A light-microscopic study documents changes 
in monkey ovary surface epithelium where a 
much higher dose than in the present study of 
HCB was given.’° However, even at the 1.0mg/kg 
HCB level, surface epithelium of monkey ovary 
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FIG. 1.--Portion of primordial follicle from cynomolgus monkey of control group. F = follicular 
cell; GC = Golgi complex; N = nucleus; O = ooplasm; T = theca folliculi. 

FIG. 2.--Portions of two primordial follicles from another monkey of control group to depict 
characteristic accumulations of mitochondria (M) in developing ovum cytoplasm. F = follicular 


cell; Ly = lysosomal elements; T = theca folliculi. 


was altered’? in one of our other studies on tion in concert to realize the process of re- 
toxicity of the compound on monkey ovary (Babi- production. 

neau et al., manuscript submitted for publica- 

tion). A combined effect of discussed altera- References 
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FIG. 3.--Similar follicle as illustrated in Fig. 1 but from HCB-exposed animal. Note abnormal 
number of lysosomal elements (Ly) and irregular collection of mitochondria in degenerating ovum. 
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2. A. Nair and M. K. K. Pillai, "Monitoring icity in the monkey ovary. I. Ultrastructure 
of hexachlorobenzene residues in Delhi and induced by low (0.1 mg/kg) dose exposure," 
Faridabad, India," Bull. Environ. Contam. Tox- Proce, XII Meet. ICEM I1: 282, 1990. 
teol, 42: 682, 1989. : 5. A. Singh et al., "Ultrastructural altera- 


3. P. Tobin, "Known and potential sources of tions in the liver of rats fed Photomirex (8- 
hexachlorobenzene,'' in C. R. Morris and J. R. P. monohydromirex) ," Pathology 13: 487, 1981. 
Cabral, Eds., Ref. 1, 3. 6. A. F. Haney, ‘Endocrine and anatomical 

4, A. Singh et al., "Hexachlorobenzene tox- correlations in human ovarian pathology," 

437 


Envtron. Hlth. Perspect. 73: 5, 1987. 

7. M. J. Koering, "Comparative morphology 
of the primate ovary," Contrib. Primat. 3: 38, 
1974. 

8. N. F. Cheville, Cell Pathology, Ames: 
Iowa State University Press, 1983, Ch. 2, 3, 9. 

9. F. N. Ghadially, Ultrastructural Pathotl- 
ogy of the Cell and Matrix, 3rd ed., London: 
Butterworths, 1988. 

10. M. J. Iatropoulos et al., "Morphological 
effects of hexachlorobenzene toxicity in fe- 
male rhesus monkeys," Toxicol. Appl. Pharmacol. 
37: 433, 1976. 

11. K. Babineau et al., “Effects of hexa-~- 
chlorobenzene feeding on surface epithelium of 
primate ovary: An ultrastructural study," Re- 
search Rostrum, 42nd Meet. Can. Vet. Med. As- 
soe., Halifax, NS, 1990, 10. 


438 


J R Michael and Peter Ingram, Eds , Microbeam Analysis — 1990 
Copyright © 1990 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 


HEPATOTOXICITY OF RUBBER VULCANIZATION FUMES IN RATS 


Konrad Rydzynski, Barbara Opalska, Slawomir Czerczak, and Jan Stetkiewicz 


Epidemiological studies identified the presence 
of many hazards in the working environment of 
the rubber industry.’ Rubber vulcanization 
fumes are one of the hazardous agents that oc- 
cur in the workplace atmosphere in the rubber 
factories. Vulcanization processes generate a 
whole spectrum of vapors and gases, which con- 
tain, among others, benzene, trichloroethylene, 
benzo[a]pyrene, and nitrozamines.* 

The mutagenic activity of airborne particu- 
late material and of several rubber additives 
and vulcanization fumes was demonstrated.*~* 
Moreover, a higher prevalence of lung cancer 
and chronic bronchitis was detected among rub- 
ber industry workers.?°°»® In guinea pigs ex- 
posed to rubber vulcanization fumes parenchymal 
infiltrations with inflammatory cells and in- 
creased numbers of mast cells were observed in 
the lungs.’ Dermatological effects resuiting 
from exposure to rubber and/or rubber chemicals 
are also documented.® However, little is known 
about effects on the liver of combined exposure 
to the mixture of gases, fumes, and particu- 
lates emitted in the vulcanization processes. 
The present study has been aimed at the evalua- 
tion of potential hepatotoxic effects of acute 
and subchronic inhalatory exposures in rats. 

We have shown that short exposure to rubber 
vulcanization fumes at high concentrations in- 
duced reversible liver steatosis. Subchronic 
28-day exposure to the fumes at lower concen- 
tration led to hepatotoxic effect concerning 
mainly mitochondria and peroxisomes. 


Experimental 


Wistar rats were exposed to rubber vulcani- 
zation fumes in dynamic inhalation chambers for 
4h at a fumes concentration of 2-3 mg/l (acute 
exposure); and for 5 h daily, five times a week, 
for 28 days, at a fumes concentration of 0.1 
mg/l (subchronic exposure). Controls inhaled 
the air under the same conditions. Liver sam- 
ples were taken from rats immediately after 
termination of both exposure types, and at days 
2 and 14 after termination of acute exposure to 
study recovery processes. The samples were 
fixed, dehydrated, and embedded according to 
conventional EM procedures. The numbers of 
fat-storing cells (FSC) and Kupffer celis were 
estimated directly on JEOL JEM100C fluorescence 
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screen at magnification of 2600x (measured 
area 7500 ym?). Relative volume of lipid 
droplets in the liver parenchyma and, sepa- 
rately, in hepatocytes and FSC were determined 
on toluidine blue-stained semithin sections by 
means of computer image analyzing system 

(CLIP, Technical University of Lodz) and ex- 
pressed as a um*/ym*? of liver tissue. The 
single examined area was 8464 um?, whereas the 
resolution was 0.36 um/pixel. In addition, 
relative volume of lipid droplets in FSC cyto- 
plasm was determined on electron micrographs 
by point-counting analysis according to Wie- 
bel” and expressed as a percent volume of FSC 
cytoplasm occupied by lipid droplets. 


Results 


In the liver of animals subjected to acute 
exposure, immediately after termination and on 
the 2nd day after exposure, fatty degeneration 
and proliferation of smooth endoplasmic retic- 
ulum, mainly in peripheral zone hepatocytes 
were observed. In some hepatocytes focal cy- 
toplasmic degradation was seen. Results of 
morphometric investigations on liver lipids in 
acute exposure are presented in Table 1. Rel- 
ative volume of total lipid content increased 
from 0.39 + 0.02 to as high as 6.39 + 1 
um3/um> liver tissue on the 2nd day after 
acute exposure, and remained still higher than 
normal on the 14th day; 1.17 + 0.13 ym>/yum? 
liver tissue. Relative volume of hepatocyte 
lipids followed these patterns, whereas the 
volume occupied by FSC lipids was the same on 
the 2nd day as in the controls; 0.30 and 0.33 
um?/um> liver tissue, respectively, increasing 
to 0.89 + 0.04 um3/um*? liver tissue onthe 14th 
day after exposure. The liver FSC counts in 
unexposed rats amounted to a mean number of 
124 + 11 cells/mm?. After acute exposure to 
rubber vulcanization fumes, the FSC number de- 
creased on the 2nd day to 97 + 8 cells/mm’, 
then increased to 142 + 35 cells/mm?, but the 
changes were not statistically significant for 
p < 0.05. However, relative volume of lipid 
droplets in FSC cytoplasm increased after 2 
days by v80% (Figs. 1 and 2, Table 1). 

After subchronic exposure to rubber vulcan- 
ization fumes no fatty degeneration was ob- 
served. The numbers of FSC and their lipid 
content were similar to those in the controls. 
The swelling of mitochondria, disruption of 
mitochondrial cristae, and increased number of 
autophagolysosome and peroxisomes were found 
in hepatocytes (Figs. 3 and 4). 


Discusston 


Our findings revealed that acute exposure to 
rubber vulcanization fumes at high concentra- 
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TABLE 1.--Effects of acute exposure to rubber vulcanization fumes (4 h, concentration of 2-3 
mg/1) on rat liver lipids. Data show relative volume of lipid droplets in whole liver (Total), 
hepatocytes (Hepatocyte), and fat-storing cells (FSC). Results are expressed as mean + standard 
error of mean. Statistical significance (p < 0.05) between controls and experimental groups 
marked by asterisk. 


i a a a a a a er i a a a a a nw es ee ee ee en ee ee een oe ee ew we eee 


Group Total Hepatocyte FSC FSC/Total FSC cytoplasm FSC number 
of rats ume /um liver parenchyma in % in % vol per mn2 liver 
Controls 0.39 + 0.02 0.06 + 0.01 0.33 + 0.02 85.5 + 2.18 34.7 + 7.25 124 + 11 
2 days 6.39 + 1.00" 6.09 + 1.00" 0.30 + 0.02 7.0 + 2.0" 59.2 + 5.2" 97 + 8 
14 days 1.17 + 0.13" 0.28 + 0.11" 0.89 + 0.04" 81.2 + 4.6 52.8 + 4.78" 142 + 35 


a a ee ee ee tee eee ee eee eee 


FIG. 1.--Lipid accumulation in hepatocytes 2 days after acute exposure to rubber vulcanization 
fumes (arrows). Note also fat-storing cell (FSC) with lipid droplets. (Bar = 5 um.) 

PIG. 2.--Lipid accumulation in FSC 14 days after acute exposure (arrows). (Bar = 5 um.) 

FIG. 3.--Secondary lysosomes in perinuclear region of hepatocytes after subacute exposure to 
rubber vulcanization fumes. Note also increased number of peroxisomes (arrowheads). 

(Bar = 1 um.) 

FIG. 4.--Injured mitochondria in hepatocytes after subacute exposure. (Bar = 1 um.) 
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tions induce reversible fatty degeneration 
(steatosis) in the liver. A large number of 
chemical agents can produce fatty liver. The 
type observed after acute exposure to rubber 
vulcanization fumes may be described briefly as 
peripheral microvesicular steatosis. This type 
tends to occur after treatment with chemicals 
primarily affecting protein synthesis.?° There 
are various potential mechanisms by which these 
processes may be affected by chemicals present- 
ed in rubber vulcanization fumes. For example, 
dimethylnitrosamine is postulated to act by al- 
kylation of DNA and RNA;?? others, like tri- 
chloroethylene, are thought to be converted to 
highly active metabolites which can interact 
with hepatic proteins to form alkylated deriva- 
tives.'* However, specific steatogenic molecu- 
lar mechanisms are unknown for the most of ste- 
atogens.?° Fat-storing cells account for 1.4% 
in the total volume of the liver,’* but we have 
shown here that 85% of normal liver lipid drop- 
lets are found in these cells (Table 1}. Pro- 
liferation of FSCs was described in fatty de- 
generation due to alcoholic hepatitis, CCl, in- 
toxication, and vinylchloride poisoning.** Af- 
ter acute exposure to rubber vulcanization 
fumes we have found that the numbers of FSC 
varied, showing the decrease after 2 days and 
the increase after 14 days. The observed 
changes in FSCs number were not statistically 
significant, but they might be caused by great 
variations in their numbers between animals 
even in the controls. Our observation that 
FSCs contain 80% more lipid droplets in their 
cytoplasm on the 14th day after exposure even 
if the lipid contents in hepatocytes approach- 
ing normal level, indicate that FSCs might play 
an important role in restoring lipid metabolism 
in the liver to the norm. 

Subchronic 28-day exposure to the vulcaniza- 
tion fumes at much lower concentrations led to 
changes concerning mainly mitochondria and per- 
oxisomes. There is little doubt that mito- 
chondrial swelling, fragmentation, and disrup- 
tion of their cristae membranes are caused by 
chemical injury. However, all those changes 
may occur in response to a variety of forms of 
injury, including anoxia, and also may be arti- 
factual.’*>»1° Peroxisomes appear to protect 
against peroxidative injury, and are involved 
in lipid metabolism. They increase in number 
in response to a number of drugs and chemi- 
cals.'*»+% Whether the increase in peroxisomes 
is an adaptative response or evidence of injury 
is still uncertain. 
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MICROANALYSIS OF ASBESTOS FIBERS BY FT-IR MICROSCOPY 


J. A. Reffner and W. T. Wihlborg 


Identification of asbestos fibers in bulk and 
airborne samples can be made by Fourier trans- 
form infrared (FT-IR) microscopy. Since asbestos 
fibers have been shown to be a health hazard,it 
is important to identify their presence in en- 
vironment samples.* Infrared (IR) spectroscopy 
has been used to characterize asbestos and as- 
bestos containing materials.” However, these 
classic IR methods do not provide information 
on sample morphology. Asbestos minerals re- 
quire both chemical and morphological data for 
their identification.**°* Since only the fi- 
brous forms of asbestos have been shown to be 
health hazards, it is critical that the analyti- 
cal technique employed permit the observation 
of sample morphology. The FT-IR microscopical 
method presented here uses light microscopy to 
observe the sample's morphology and IR spec- 
troscopy to determine the chemical identity of 
microscopic fibers. 

FT-IR microscopy can be used to identify as- 
bestos fibers and morphologically similar ma- 
terials. Full range mid-infrared spectra (4000- 
600 cm~*) provide a positive qualitative analy- 
sis of all six asbestos minerals. IR microbeam 
analysis can also confirm the presence of as- 
bestos fibers in samples prepared for polarized 
light microscopy (PLM) identification or phase 
contrast counting. A detection limit of 220 pg 
was established for airborne chrysotile fibers 
collected on cellulose ester filters. 


Experimental 
Instrumentatton. The IR spectra presented 
here were obtained by means of an IRus™ 


infrared microspectrometer system.°*® (The 
IRus fully integrated FT-IR microscope is de- 
scribed elsewhere in this volume.)® The IRys' 
diffraction limited, high numerical aperture 
optics, 15X, 0.58 N.A. and 32X, 0.65 N.A. ob- 
jectives and 10X, 0.71 N.A. condenser were 
used. A dry, CO, free, air purge, which is 
critical for the evaluation of asbestos materi- 
als smaller than 5 x 50 m, was used. Spectra 
were collected within the range 4000-600 cm7+ 
(2.4 to 16.7 m) at a spectral resolution of 
either 4 or 2 cm™*. Data collection was 2 min 
for all samples except where noted. 


Sample Preparation, Four sample preparation 
techniques were utilized for IR microanalysis. 
To obtain full range mid-infrared spectra of 
asbestos standards’*® and morphologically simi- 
lar materials,°’»1° the samples were mounted be- 
tween two IR transmitting windows (NaCl) and 
placed in a uSample Plan compression cell. 
Bulk asbestos samples were prepared by two dif- 


The authors are at Spectra-Tech Inc., Stam- 
ford, CT 06906. 


ferent methods. The first entailed preparing 
the sample for PLM. The bulk samples were dis- 
persed in Cytoseal 60” mounting medium or Car- 
gille np 1.550 HD 011 on glass microscope 
slides and covered with a glass coverslip. The 
second method, which was applied to samples of 
roofing material and floor tile, involved soak- 
ing the matrix in methylene chloride, placing 

a drop of the suspension on a NaCl window, and 
allowing it to evaporate forming a thin film. 
Finally, airborne fibers collected on cellulose 
ester filters were prepared for analysis by 

the NIOSH 7400 method. A portion of the filter 
was placed onto a glass slide and then exposed 
to acetone vapors to collapse the filter's 
structure. When the filter cleared, a drop of 
triacetin was used to optically couple the 
coverslip. 


Results and Diseusston 


The IR spectra of the six asbestos minerals 
actinolite, amosite, anthophyllite, chrysotile, 
crocidolite, and tremolite) are reported in 
Fig. 1. Although all six asbestos minerals 
have strong bands centered near 1000 cm7? (Si-O 
bands), the intensities and positions of these 
bands are characteristic of the particular 
asbestos mineral and they are readily distin- 
guished. Figure 2 shows the IR spectra of 
Kevlar®, polypropylene, cellulose, wollaston- 
ite, and vermiculite, which are morphologically 
similar to asbestos fibers. Comparison of the 
IR spectra of these materials with the IR spec- 
tra of the six asbestos minerals reveals that 
they are significantly different and should 
not be confused spectroscopically. 

IR spectra of bulk asbestos samples pre- 
pared for PLM are shown in Fig. 3. Note that 
due to the strong absorbance of the glass sub- 
strate in the region below 2300 cm-* only the 
region between 4000-2300 cm-* can be used. In 
this narrow region the spectra of the asbestos 
minerals are not unique enough to enable spe- 
cific mineral identification. The IR spectra 
of actinolite and tremolite reveal a pair of 
bands at 3676 and 3662 cm-* and are indistin- 
guishable since these are isostructural minerals 
3). Crocidolite and amosite are also difficult 
to distinguish in this narrow range. IR spec- 
tra of asbestos fibers mounted on glass are not 
specific enough to identify individual mineral 
fibers, but they are useful to confirm PLM 
analysis. Figure 4 illustrates the sensitivity 
of this technique. The IR spectrum of an 
uw220pg (12 x 3m) fiber of chrysotile mounted 
for PLM shows the characteristic doublet asso- 
ciated with the OH bands from chrysotile. 

The identification of asbestos in building 
materials is of paramount importance. One pre- 
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FIG. 1.--Mid-IR absorption spectra of six standard asbestos mineral fibers. 

FIG, 2.--Mid-Ir absorption spectra of materials morphologically similar to asbestos fibers. 
FIG, 3.--IR absorption spectra of asbestos fibers in glass mounts. 

FIG. 4.--IR absorption spectra of chrysotile fibers; top: 


Single fiber, approaching detection 


limit; bottom: fiber bundle. 


matrix, bottom: 


pares friable ACMs for FT-IR microscopy by ei- 
there placing fibers between two IR transmitting 
windows (NaCl) or by mounting on glass for PLM 
as previously described. Nonfriable asbestos 
containing materials such as floor tiles and 
roofing materials are analyzed via FT-IR micros- 
copy by first separating the fibers from the 
binding medium. Typically an organic solvent 

is used to dissolve the binding material 

which creates a suspension of fibers. The 
suspension is then transferred to a NaCl win- 
dow and allowed to evaporate, which leaves 


FIG. 5.--Mid-IR absorption spectra of asbestos in roofing material; 
chrysotile fiber after matrix is subtracted. 

FIG. 6.--IR transmission spectra of chrysotile fiber on cellulose ester filter. 
lected on cellulose ester filter and mounted on glass slide per NIOSH 7400 method. 


top: chrysotile fibers in 


Sample was col- 


behind both fibers and dilute binding matrix. 
Complete separation of asbestos from the bind- 
ing matrix is not necessary to identify fibers 
as asbestos. The IR spectrum of a fiber in a 
roofing material (Fig. 5, top spectrum) shows 
the characteristic chrysotile bands at 3691; 
3647, 958, and 608 cm-*, as well as bands due 
to the binding matrix. Spectral subtraction of 
pure binding material from the fiber yields a 
spectrum that matches chrysotile (Fig. 5, 
bottom spectrum). 

Airborne particles collected on cellulose 


443 


ester filters are the most challenging samples 
for the FT-IR microscope. Fibers collected via 
this method are extremely small and difficult 
to find without use of phase contrast. Small 
fibers of chrysotile were used to establish a 
detection limit for airborne fibers (Fig. 6). 
For a 1 min collection time at spectral resolu- 
tion of 2 cm', the detection limit was 220 pg 
(2 x 20 m fiber), Optimizing the IRus system 
for the 4000-3500 cm™* spectral range is ex- 
pected to lower this detection limit. 
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THE ANALYSES OF ANTHROPOGENIC ATMOSPHERIC PARTICULATES BY ELECTRON MICROSCOPY 


P. A. Russell 


With the exception of NO,, visiblity degrada~ 
tion in the atmosphere is caused by suspended 
particles. The visibility is affected by ei- 
ther optical absorption or scattering. Optical 
absorption is mainly affected by (1) the cross- 
sectional area of the particles between the 
light source and optical receptor, and (2) the 
light-absorption characteristics of the parti- 
cles. Optical scattering is most pronounced 
for "fine'' particles in the size range 10.1-3.0 
um and is also a function of size distribution 
and refractive index.}*? Particles in approxi- 
mately the same size range (0.1-10 pm) are 
also preferentially deposited deep within mam- 
malian lungs where they can be in intimate 
physical and chemical contact with lung tissue. 

Because of the importance of airborne par- 
ticles in producing visibility degradation and 
health problems, it is imperative that the par- 
ticles causing the effect be as completely 
characterized as possible to (1) understand the 
possible interactions with the deposition in- 
terface/substrate; (2) determine where the par- 
ticles were generated; and (3) understand the 
chemical/physical reactions or changes that 
have taken place between the particle source 
and receptor sites. Bulk particle analyses are 
relatively easy to perform and provide informa- 
tion about the particles of interest, including 
qualitative and quantitative elemental and 
ionic composition. However, bulk analyses must 
make assumptions about the degree of homogenei- 
ty, and physical and chemical characteristics 
of the individual particles collected. Dis- 
crete-particle analyses can measure more varia- 
bles of each distinct population of particles 
being observed, including average size, size 
distribution, shape, shape variation, internal 
and external physical structure, chemistry, 
chemical variation, relative thermal stability, 
crystallography, ionic composition, and optical 
properties. 


Methods and Materials 


The two best tools for examining "fine" dis- 
crete atmospheric particles are the scanning 
electron microscope (SEM) equipped with an en- 
ergy-dispersive x-ray spectrometer (EDS) and 
the transmission electron microscope (TEM) 
equipped to perform selected area electron dif- 
fraction (SAED).°~° The SEM/EDS combination 
has a resolution of 6 nm and can be used to 
determine the morphological and chemical nature 
of individual particles. This process can be 
automated® but is less effective for smaller 
particles, complex shapes, or particles with 


P. A. Russell is president of Rocky Mountain 
SEM Consulting, 1551 E. Cornell Ave., Engle- 
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low atomic numbers. Sample preparation can be 
simple, but samples must be subjected to a 
vacuum during sample preparation and examina- 
tion. The TEM produces resolution of .0.4 nm 
but sample preparation is more difficult and 
samples must also be subjected to a vacuum 
during sample preparation and examination. 
With SAED, it is possible to obtain crystal- 
lographic information about individual parti- 
cles, The optical microscope (OM), especially 
if it is equipped with an optical or infrared 
spectrometer, is a useful instrument for the 
initial examination of particles, but lacks 
the requisite resolution for the detailed exam- 
ination of "fine" particles. 

For SEM or TEM analyses, particles must be 
collected on an inert, relatively flat surface. 
For SEM examination this surface, with adhering 
particles, is usually transferred to a metal 
substrate suitable for insertion into a SEM and 
coated with a thin layer of conductive metal 
while in a vacuum, For TEM analysis, the par- 
ticles need to be transferred to an electron- 
transparent film of metal (or carbon); the par- 
ticles are usually covered with a very thin 
film of metal or carbon while on the original 
collection substrate, and then the original 
collection substrate is dissolved away and the 
thin film containing the particles (or replica) 
is transferred to a previously prepared TEM 
substrate. It is also possible to collect par- 
ticles directly onto a thin carbon or metal 
TEM film. Particles may be collected on chem- 
ically reactive substrates for true in situ 
analysis.’ 

Sample collection of particles may be 
achieved by filtration, impaction, virtual im- 
paction, electrostatic precipitation, or therm- 
al precipitation. Usually filtration is pre- 
ferred because of its simplicity. Polycarbo- 
nate (e.g., Nucleopore”) filters are preferred 
for SEM or TEM analysis because of their flat 
surface and well-defined round pores. Two 
Nucleopore” filters of differing pore size may 
be used in sequence to produce excellent par- 
ticle size separation. Cellulose acetate 
(e.g., Millipore”) filters may also be used 
but are somewhat less desirable because of 
their convoluted surface and the possible dis- 
tribution of the smallest particles to hidden 
depths within the filter. For TEM analyses, 
cellulose acetate filters must be dissolved 
with acetone or amyl acetate; polycarbonate 
filters are dissolved with chloroform. Fluoro- 
hydrocarbon filters are preferred for most of 
the chemical mass balance (CMB) method of bulk 
analysis, but this method can also use cellu- 
lost acetate or polycarbonate filters. 

Sample collection may range from simple col- 
lection on an open filter to the collection 
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with virtual impactors equipped with gas-scan- 
enging apparatus at the air flow entrance. 
Novel techniques that employ balloon-borne 
sampling methods® have been used to collect 
samples from various sources by multiple samp- 
lers simultaneously at variable heights. 

When collecting and preparing samples one 
must take precautions to prevent chemical reac- 
tions or physical changes on the filter. The 
presence of ammonia or high humidity may cause 
physical and/or chemical changes to collected 
particles, particularly for sulfate and nitrate 
particles. Ammonium sulfate particles have 
even been observed on the back side of filters 
and as large secondary growths on the front 
side of filters. 

With care and a little imagination, virtual- 
ly any type of discrete particle can be exam- 
ined. With a combination of chemical and phys- 
ical analyses by SEM/EDS (windowless, which per- 
mits elemental identification of elements with 
atomic number 26) and the TEM with SAED, it 
should be possible to quantify discrete nitrate 
and sulfate particles chemically. It is also 
possible to coat collection substrates with re- 
active chemicals that react instantly, or later 
under controlled conditions, to permit further 
refinement of the chemical identification of 
discrete liquid or soluble particles.® 

Other instruments that might have applica- 
tion for discrete particle analysis would in- 
clude (1) scanning Auger spectroscopy, which 
could provide high sensitivity for elments, in- 
cluding elements of low atomic number, on parti- 
cle surfaces; (2) 'microsopot" x-ray photoelec- 
tron spectroscopy (XPS), which would produce 
sensitive information on elements and chemical 
bonds; and (3) scanning secondary ion mass 
spectroscopy (SIMS), which would produce ex- 
tremely sensitive information on ionic composi- 
tion, including isotopes. These instruments 
have generally not been used for the examina- 
tion of atmospheric particles because of their 
high use costs, difficult sample preparation, 
and limited availability. Scanning Tunneling 
Microscopy (STM) is a relatively new but poten- 
tially very useful microscopic technique that 
offers spatial resolution better than a TEM, 
is low in cost, and does not require a vacuum. 
However, its use in examining anthropogenic 
particles has not been evaluated and it current- 
ly cannot provide chemical or crystallographic 
information. 


Results 


Since 1973 discrete particles from various 
locations and sources (including Denver, Colo.; 
Henderson, Nev.; Provo, Utah; Montezuma's Cas- 
tle National Monument, Ariz.; Heyden, Colo.; 
Tampa Bay, Fla.; upstate New York; Los Angeles 
and San Joaquin Valley, Calif.; and Point Bar- 
row, Alaska) have been examined by SEM/EDS and 
TEM/SAED. In all those observations, discrete 
particles rich in sulfate (or nitrate) have 
rarely been observed. What is usually observed 
are relatively large concentrations of carbon 
black particles. If sulfur (nitrates, organics, 


etc.) is observed to be present,it is in the 
form of sulfur chemically/physically adsorbed 
into the structure of the carbon black. The 
size, shape, and structure of the carbon black 
particles are not significantly altered.+°"?® 
Examples of representative carbon black parti- 
cles are illustrated in Fig. 1. 


Discusston and Conelustons 


Carbon black (soot, elemental carbon, inor- 
ganic carbon, etc.) is a major component of 
fine particulate air pollution and has charac- 
teristics that make it ideal in affecting op- 
tical absorption and scattering. It is also 
capable of being transported great distances. 
Carbon black is almost always the location of 
anthropogenic sulfur collected at receptor 
sites. The sulfur is adsorbed in the carbon 
black particles and does not appear to change 
the physical size or optical characteristics 
of the carbon black. Carbon black also readily 
adsorbs other ions and gases. 

A current method of bulk analyses of air- 
borne particles is chemical mass balance (CMB), 
which quantifies bulk source and receptor 
samples.+°"*? Yt utilizes x-ray excited x-ray 
fluorescence, ion chromatography, and pyrolysis 
to determine bulk concentrations of elements, 
ions, and organic types collected on a filter 
substrate. It permits the analysis of a rela- 
tively large number of air-pollution particu- 
late samples at a relatively low cost and is 
currently the most refined method for appor- 
tioning sources of atmospheric chemical compo- 
nents to sources. Like all bulk analyses, CMB 
has limitations: 


1. It must assume collected samples are homog- 
enous when they may be in fact a complex mixture 
of particles of varying size and composition. 

2. Bulk x-ray analysis of virtual impactor 
samples has a bias favoring larger particles 
because the amount of x rays produced by a 
"fine" particle is proportional to its mass and 
volume, and because size segregation by aero- 
dynamic selection always includes some parti- 
cles larger than the specified limit. 

3. The particles segregated by aerodynamic 
sizes may not be representative of the particle 
population(s) that are most responsible for 
optical scattering and absorption, or health 
problems. 

4, Source apportionment of carbon particles 
among various carbon sources is difficult and, 
at present, unrefined. The CMB method depends 
on potassium to differentiate "biological" vs 
"fossil" carbon in source apportionment. But 
even though potassium is one of the major ele- 
ments associated with combustion of biological 
material, it is also a major component of var- 
ious mineral particles and flyash, and a minor 
component of other source emissions including 
diesel engines. There are also other sources 
of carbon black (e.g., aircraft, refineries, 
charcoal burning, restaurants, forest fires, 
inefficient natural gas combustion, etc.) that 
have not been profiled. It is also possible 
that the potassium particle species produced by 
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FIG. 1.--(a) SEM micrograph of carbon black particle collected in Denver, Colo., 25 May 1990; bar 


J um. 


(b) SEM micrograph of carbon black particle collected at Barrow, Alaska, 1979; bar = 


1 um. 


(c) TEM micrograph of relatively large carbon black agglomerate collected in Denver, Colo., 1973, 


bar = 1 um. 
1973; bar = 0.1 um. 

burning wood may be discrete particles, differ- 
ent in size from the carbon black particles 
they are supposed to trace. 


The problem of not utilizing the information 
provided by discrete particle analysis is dem- 
onstrated in the results of a 1988-1989 Winter 
study of Denver's urban plume. An extensive 
CMB study?? concluded that visibility could be 
apportioned to 28% carbon produced by mobile 
sources, 22% carbon produced by vegetative com- 
bustion, 9% secondary sulfare, 23% secondary 
nitrate, 8% minerals, and 10% to other factors 
including Rayleigh scattering and NO,. The ana- 
lytical results are excellent but the final 
source apportionment, based on assumptions that 
are not validated by discrete particle analysis, 
are in error. What is observed about the dis- 
crete fine particles in the Denver "brown 
cloud" is that (1) no discrete particles of 
sulfate or nitrate are present, and (2) the pre- 
dominant fine-particle species are carbon black 
particles with adsorbed sulfur, etc. It is also 
known that the adsorbed material has little ef- 
fect on the physical nature and optical proper- 
ties of the carbon black particles. However, 
when these particles are analyzed by bulk XRF 
and ion chromatography they are chemically in- 
distinguishable from discrete sulfate and ni- 
trate particles. The importance is,that if the 
sulfate and nitrate sources contributing to Den- 


(d) TEM micrograph of smaller carbon black particle collected in Denver, Colo., 


ver's "brown cloud" are reduced or eliminated 
and the carbon black particle sources are not 
reduced, no visibility reduction can be expect- 
ed. From the results from the CMB study and 
discrete particle analysis it becomes apparent 
that Denver's visible "brown cloud" is produced 
mainly by carbon black particles that are the 
product of automobile emissions?* and other 
sources of incomplete combustion. The accuracy 
of the differentiation between fossil and non- 
fossil carbon black is also subject to ques- 
tion, considering that carbon black is a pre- 
dominant component of Denver's particular air 
pollution all year round. 

In conclusion, discrete particle analysis 
has demonstrated that the fine particles re- 
sponsible for visibility degradation in the at- 
mosphere may be very different from what theo- 
retical chemical models and bulk analytical 
techniques suggest. More studies are obviously 
needed on sulfur (and other chemicals) and its 
interaction with carbon black in the atmos- 
phere.** The abundance of anthropogenic carbon 
black, and its chemical and physical adsorbtion 
must also be taken into account when the health 
effects of inhaled fine particles are modeled. 
Theoretical chemical models predict that sul- 
fates and other ionic species should be formed 
as discrete particles from emissions of SO,, 
NH;, etc., but these studies have generally ig- 
nored or minimized the impact of carbon black 
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in their estimates of what reaches receptor 
sites. Therefore, bulk analytical technqiues 
have assumed that their measurements of ele- 
ments, ions, and ion ratios are produced by dis- 
crete particles. However, observations of dis- 
crete particles collected from the atmosphere 
conclude that particles of sulfate and nitrate 
are rare and that the "fine" particle fraction 
is usually dominated by carbon black particles 
containing adsorbed inorganic (and organic) ma- 
terials. Until chemical modeling, bulk empiri- 
cal analyses, and discrete particle analyses 
can be co-validated, serious errors may be made 
in mitigating air pollution or estimating 
health effects caused by suspended "fine" an- 
thropogenic particles. 
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AN INTEGRATED SCREENING METHOD FOR EVALUATING THE PULMONARY TOXICITY OF 


INHALED PARTICULATES: 


ROLE OF MICROSCOPIC TECHNIQUES IN ASSESSING 


PULMONARY MACROPHAGE CLEARANCE FUNCTIONS 


D. B. Warheit, D. K. Rennix, K. A. Moore, and L. A. Belcher 


There is a great need for a rapid and reliable 
bioassay to evaluate the pulmonary toxicity of 
inhaled particles. We have developed a compre- 
hensive approach to lung toxicity studies. To 
validate the method, rats were exposed for 6 h 
or 3 days to various aerosol concentrations of 
silica or carbonyl iron (CI) particles. Cells 
and fluids from groups of sham and dust-exposed 
animals were recovered by bronchoalveolar 
lavage (BAL) fluids and measured for biochemical 
markers of lung injury at several time points 
postexposure. Cell differentials were counted 
and pulmonary macrophages (PM) were cultured 
and studied for morphology, chemotaxis, and 
phagocytosis by scanning electron microscopy. 
The lungs of additional exposed animals were 
processed for histopathology (LM) scanning and 
transmission electron microscopy. Our results 
showed that brief doses of silica elicited a 
sustained granulocytic inflammatory response 
(primarily neutrophils) with concomitant 
increases in BAL levels of biochemical markers, 
i.e., fibronectin, alkaline phosphatase, LDH, 
and protein (p < 0.01). In addition, pulmonary 
macrophage (PM) phagocytic and chemotactic 
activities in vitro were depressed (p < 0.05) 
in cells recovered from silica-exposed rats when 
compared to sham controls. Histopathological 
analysis showed that exposure of rats to silica 
for 3 days produced a chronically active pul- 
monary inflammatory response characterized by 
hyperplasia of Type II alveolar epithelial 
cells, the infiltration of PM and neutrophils 
into interstitial tissues and alveoli, and 
lipid-filled, foamy PM. The lesions were pro~- 
gressive and led to a granulomatous pneumonitis 
within 2 months postexposure. In contrast to 
the alterations in pulmonary tissues produced 
by silica, PM function in carbonyl iron-exposed 
rats was not significantly different from sham 
controls. Furthermore, no Cl-related lesions 
were detected at any time postexposure. The 
data presented in this report demonstrate that 
silica inhalation produces inflammation and 
alters macrophage phagocytic functions; the 
effects of CI particles are similar to other 
nuisance dusts. 


Experimental 


General Experimental Design. Groups of male 
Cr1:CD©BR rats (8 weeks old, Charles River 
Breeding Laboratories, Kingston, N.Y.) were 
exposed to crystalline silica (a-quartz) or 
carbonyl iron (CI) particles for 6 h or 3 days 


The authors are at the Haskell Laboratory, 
E.1. du Pont de Nemours § Co., Newark, DE 19714. 


at exposure concentrations of 100 mg/m? . 
Following exposure, dust-exposed animals and 
aged-matched sham controls were evaluated at 
several time points postexposure (i.e., 0, 24, 
and 48 h, 8 days, and 1, 2, and/or 3 months). 


Pulmonary Lavage and Preparation of 
Macrophage Monolayers. Bronchoalveolar 
lavage procedures were conducted according to 
methods previously described.!** Lavaged 
fluids recovered from sham and dust-exposed 
rats were centrifuged, and the supernatant was 
removed and processed for biochemical studies. 
The cell pellet containing primarily pulmonary 
macrophages was processed for cell differential 
analysis and morphological, phagocytosis, and 
chemotaxis studies. Pulmonary macrophage cell 
culture and phagocytosis assays have been 
previously reported.!»2 For the phagocytic 
assay, a suspension of carbonyl iron particles 
was added to the macrophage monolayers. 
Phagocytosis of iron particles was carried out 
at 379°C in a CO» incubator for 1 h and then 
fixed in Karnovsky's solution before processing 
for scanning electron microscopy (SEM), as 
described below. Specimens were prepared 
according to standard methods and examined with 
a JEOL 840 scanning electron microscope. 
Studies of morphology and in vitro phagocytosis 
were implemented by use of SEM of randomly 
selected cultured cells as previously 
described.! In vivo and in vitro phagocytosis 
were assessed in carbonyl iron and silica- 
exposed macrophages by means of secondary and 
backscatter electron imaging in concert with 
x-ray energy spectrometry. For in vitro 
phagocytosis of carbonyl iron (CI) beads, the 
numbers of interiorized CI beads were counted 
in individual macrophages. 

For light and electron microscopy of tissue, 
the lungs of carbonyl iron, silica, or sham 
control rats were prepared for light or elec- 
tron microscopy at recovery periods of 0, 24, 
48 h, 8 days, and/or 1, 2, or 3 months follow- 
ing aerosol exposure. After anesthesia, lungs 
of rats were fixed either through the vascu- 
lature (vascular perfusion) or intratracheally 
(airway infusion). Saggital sections of the 
left lung were made with a razor blade. Tissue 
blocks were dissected from upper, middle, and 
lower regions of the lung, and were subse- 
quently prepared for light microscopy as well 
as for scanning and transmission electron 
microscopy (see below). 


Transmtsston Eleetron Microscopy. Selected 
fixed lung tissues were post-fixed with Os0,; 
subsequently, pulmonary tissue blocks from shan, 
silica, or carbonyl iron-exposed rats were 
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FIG. 1.--Light micrographs of cytocentrifuge preparation of cells recovered from lungs of (A) 
sham, (B) carbonyl iron, and (C) silica-exposed rats. More than 95% of cells were PMs (arrow- 
heads) in sham and Cl-exposed animals. In contrast, significant numbers of neutrophils (arrows) 
were recovered from lungs of silica-exposed rats. 

FIG. 2.--SEM of lavaged-recovered rat pulmonary macrophages (M) exposed to silica particles in 
vivo in (A) secondary and (B) backscatter electron images. Silica particle (arrowheads) is 
contained within a PM 1 month after exposure. 

FIG. 3.--In vitro phagocytosis of carbonyl iron particles (arrowheads) by pulmonary macrophages. 
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dehydrated through ethanol and propylene oxide, 
infiltrated with graded propylene oxide-Epon 
solutions, and finally embedded in Epon® 812. 
Ultrathin sections were cut and placed on copper 
grids. Sections were then stained with uranyl 
acetate and lead citrate and examined with a 
Zeiss EM 10 electron microscope. 


Results and Conelustons 


Carbonyl iron exposures did not produce 
inflammatory responses in the lungs of exposed 
rats. However, inflammation, as evidenced by 
the increased numbers of neutrophils, was a 
prominent feature in the lungs of silica-exposed 
rats (Fig. 1). In addition, fibronectin levels 
were substantially higher in lavaged fluids 
recovered from silica-~exposed rats when compared 
to controls. SEM techniques were utilized to 
assess morphologic characteristics as well as 
in vivo and in vitro phagocytic capacities of 
lavage-recovered PM exposed to either silica or 
carbonyl iron particles. Forty-seven percent 
of the macrophages recovered immediately after 
a 3-day exposure to silica contained particles, 
and the percentages of silica-containing macro- 
phages remained steady through 1 month post- 
exposure (Table 1, Fig. 2). In contrast, more 
than 80% of PM recovered immediately after a 
3-day exposure to carbonyl iron-containing 
particles. In addition, the percentages of 
ruffled macrophages recovered from silica or 
carbonyl iron-exposed rats were not signifi- 
cantly different from sham controls at any 
postexposure period. The in vitro phagocytic 
capacities of macrophages recovered from 
carbonyl iron-exposed animals were not signifi- 
cantly different from sham controls (Table 1, 
Fig. 3). In contrast, in vitro phagocytosis by 
silica-exposed PM was decreased compared to sham 
controls (Table 1). 

Pulmonary lesions caused by exposure to 
silica were evaluated microscopically over a 3- 
month postexposure period at l-month intervals 
following exposures. Lesions in animals exposed 
to silica for 3 days were present at 1 month and 
became progressively more severe with time. 
Hyperplastic and hypertrophic type II cells were 
common features of silica-induced epithelial 
alterations along with inflammation of the 
airspaces. In addition, lipid-laden (foamy) 
alveolar macrophages often filled alveoli and 
alveolar ducts (Fig. 4). In contrast to the 
development of granulomatous-type lesions 
observed in silica-exposed rats, no pulmonary 
lesions were detected at any time postexposure 
in sham-exposed control rats or in rats exposed 
to carbonyl iron particles for 6 h or 3 days 
(Fig. 5). 

A short-term inhalation screening program 
to assess the toxicity of inhaled materials has 
been developed by a multidisciplinary approach. 
Silica and carbonyl iron particles were selec- 
ted for study because they represent reference 
points of the toxicological spectrum; i.e., 
silica is fibrogenic and iron is '"nuisance-like." 
The results presented here support the differ~ 
ences in toxicity between silica and carbonyl 


TABLE 1.--Morphology and phagocytosis of 
carbonyl iron and silica-exposed pulmonary 
macrophages. 


Time after 3-Day exposure 


In Vivo Phagocytosis 
Percentages of Phagocytic Pulmonary Macrophages 


Sham OH 48H 8D 1m 
cI --- 81(5) 75(6) 73(11) 63(6) 
SILICA --- 47(9) 48(13) 42(3) 53(19) 
Sree Eee one ee apg; 
% Ruffled Cells 
cl 79(6) 76(5) TAS) 7546) 74(11) 
SILICA 76(5) 75(12) 70(13) 67(7) 75(6) 
In Vitro Phagocytosis 

% Response of Sham Control 
cI 100 95 97 105 108 
SILICA 100 51 682 95 98 


oe ee ee RR 


Numbers in parentheses represent standard deviations 


iron and affirm the utility of this method as 
a predictive short-term bioassay to evaluate 
pulmonary toxicity of inhaled particulates. 
The true value of a predictive screen lies in 
its ability to accurately estimate the poten- 
tial effects of materials for which little or 
no available toxicological information exists. 
Accordingly, studies are in progress to test 
the pulmonary effects of both reference 
materials as well as untested particles and 
fibers. 
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FIG. 4.--TEM of lung section in rat 3 
months post-silica exposure, demonstra- 
ting hyperplastic type Ili (2) epithelial 
responses and lipid-filled (arrowheads) 
foamy pulmonary macrophage (M). 


FIG. 5.--SEM of pulmonary macrophages {(M), 
that have traveled from alveolar regions 
to terminal bronchiolar surfaces (TB). 
Phagocytes are exiting the lung via the 
mucociliary escalator. Two macrophages 
(M) contain iron particles (arrowheads) 
viewed in (a) secondary, and (b) 
backscatter electron images. 
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EFFECTS OF ENDOTOXIN-INDUCED NEUTROPHIL INFLUX ON THE MORIPHOLOGY OF SECRETORY 
CELLS AND INTRAEPITHELIAL MUCOSUBSTANCES IN CANINE BRONCHI 


J. R. Harkema, J. A. Hotchkiss, M. D. Hoover, and B. A. Muggenburg 
(with technical assistance from L. K. Herrera and P. C. Lawson) 


Endotoxins are lipopolysaccharide-protein mole- 
cules released from the wails of gram-negative 
bacteria. Although they are not chemotactic 
for neutrophils,»* endotoxins induce neutro- 
phil emigration more potently, on a per molar 
basis, than do all other chemotactic factors so 
far tested,* and are one of the major bacterial 
constituents responsible for inducing pulmonary 
injury in gram-negative sepsis and gram-nega- 
tive, bacterial bronchopneumonia.* Pulmonary 
airway infections caused by gram-negative bac- 
teria containing endotoxin account for 40-60% 
of hospital-associated pneumonias; the mortali- 
ty of these bacterial pneumonias hovers around 
50%.°? 

Airway inflammation induced by endotoxin- 
laden, gram-negative bacteria is often charac- 
terized by an increased production and hyperse- 
cretion of mucus from surface epithelium and 
subepithelial glands and by infiltration of 
airways by inflammatory leukocytes (i.e., neu- 
trophils). Both the inflammatory exudate and 
the hypersecretion of mucus are thought to be 
important factors in the pathogenesis of not 
only bacterial pneumonias, but of other obstruc- 
tive disorders, such as cystic fibrosis’ and 
chronic bronchitis.® Although inhaled endotox- 
in is known to induce acute airway inflammation 
in laboratory animals,® its effects on the cil- 
jated respiratory epithelium and the mucus-se- 
cretory apparatus lining the bronchial airway 
have not been thoroughly investigated. For a 
better understanding of the pathogenesis of in- 
flammatory airway disorders, it is important to 
determine which changes in the mucous-secretory 
apparatus are due to the induced inflammatory 
process and which are due to the inhaled bac- 
teria or other etiologic agents. It has been 
previously demonstrated that transepithelial 
migration of neutrophils stimulates hypersecre- 
tion of mucus from the nasal airway secretory 
cells.*° The purpose of the present study was 
to determine whether a single instillation of 
endotoxin in intrapulmonary bronchi would elic- 
it a similar neutrophil-dependent hypersecre- 
tory response. 


Matertals and Methods 


Eighteen 2-4-yr-old beagle dogs from the In- 
stitute's colony were used for this study. 


The authors are at the Inhalation Toxicology 
Research Institute, Albuquerque, NM 87185. The 
research was sponsored by U.S.D.0O.E. under con- 
tract DE-ACO4-76EV01013 in facilities fully ac- 
credited by the American Association of Labora- 
tory Animal Care 


Each dog in the study was transiently anesthe- 
tized with halothane and a fiberoptic broncho- 
scope was used to instill various amounts of 
lipopolysaccharide (endotoxin) from £scherichia 
colt 0111:B4 (Sigma Chemical Co., St. Louis, 
MO) in specifically designated bronchial air- 
ways. A stainless-steel radial microsprayer, 
1 mm in diameter and 3 mm long. with eight, 
150um-diameter openings around the circumfer- 
ence of its distal end,was used to spray radi- 
ally 100 yl of saline containing 500 ug of en- 
dotoxin onto the luminal surface of the major 
intrapulmonary bronchus of the left cardiac 
lobe (airway generation 2), 100 ul of saline 
containing 250 ug of endotoxin onto the lumi- 
nal surface of the major intrapulmonary bron- 
chus of the right diaphragmatic lobe (genera- 
tion 3), and 100 ul of saline containing 125 
ug of endotoxin onto the luminal surface of 
the minor intrapulmonary bronchus of the left 
diaphragmatic lobe. Complimentary airway lo- 
cations in the left lung lobes were sprayed 
with 100 yl of saline alone (control airways). 

Six of the dogs were injected intravenously 
with hydroxyurea, 200 mg/kg, in 5 ml saline, 
daily, for 8 days prior to the intrabronchial 
instillations of endotoxin. The remaining 
12 dogs in the study received daily intravenous 
injections of saline alone, 5 ml/d, for 8 days 
prior to the bronchial instillations. Hydroxy- 
urea-injected animals were sacrificed 6 h after 
bronchial instillations. Half of the saline- 
injected dogs were sacrificed 6 h after the in- 
stillations and the other half were sacrificed 
18 h later (24 h after the instillations). 

At the designated time of sacrifice, the 
dogs were anesthetized with barbiturate and 
killed by exsanguination through the heart. 
Immediately after death, the trachea, extra- 
pulmonary bronchi and lungs were excised in- 
tact from the thoracic cavity and perfused in- 
tratracheally with a modified Karnovsky's fixa- 
tive, 0.6% glutaraldehyde/0.45% paraformalde- 
hyde in cacodylate buffer (pH of 7.4) at 30 mm 
of fixative pressure for 2 h. 

After fixing the lungs, we microdissected 
the bronchial airway segments that had been 
sprayed with endotoxin, according to the meth- 
od of Plopper.** One half of each segment was 
embedded in glycol methacrylate (GMA) and sec- 
tioned at 2 um. We stained the sections with 
toluidine blue to morphologically identify 
epithelial cells and neutrophils or with Alcian 
Blue (pH 2.5)/Periodic Acid-Schiff sequence 
(AB/PAS), to demonstrate acidic and neutral 
mucosubstances by light microscopy (LM). Quan- 
titative estimates of the numbers of neutro- 
phils and epithelial cells per mm of basal 
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FIG. 1.--Composite of two transmission electron 
photomicrographs of surface epithelium in bron- 
chi obtained 6 h after exposure to only saline 


(A) or endotoxin (B). Photomicrograph A shows 
secretory cell (sc) filled with incytoplasmic 
granules. Photomicrograph B shows secretory 
cell containing few intracytoplasmic mucous 
granules, and a neutrophil (N). Arrow = epi- 
thelial basal lamina; CC = ciliated epithelial 
cell. 


lamina, and the amounts of stainable intraepi- 
thelial mucosubstances within these bronchial 
sections were made by the standard morphometric 
techniques previously described.i? 

Only the complementary halves of the airway 
segments from the cardiac lobes were processed 
for transmission electron microscopy (TEM). 
Tissues for TEM were post-fixed in 1% osmium 
tetroxide, dehydrated in a graded series of al- 
cohol solutions, infiltrated with propylene ox- 
ide solutions, then embedded in epon araldite, 
and thin-sectioned with a diamond knife on an 
Ultracut E ultramicrotome (Reichert-Jung, Cam- 
bridge Instruments, Inc., Deerfield, IL). 

These sections were mounted on Formvar-coated, 
slotted grids, stained with uranyl acetate and 
lead citrate, and examined with a Hitachi H7000 
scanning transmission electron microscope (Hi- 
tachi Ltd., Tokyo, Japan). TEM montages of the 
entire bronchial epithelial section were pre- 
pared at a final magnification of 3900x. Dif- 
ferential cell counts were based on counts of 
all nuclear profiles within the intact epithe- 
lium visible on these montages. We determined 
the number of nuclear profiles per basal lamina 
length. We counted approximately 200-500 cells 
per montage, representing basal lamina lengths 
of 300-1000 um per montage. 
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The natural logarithms of the data were used 
for statistical analyses. We used an unpaired 
Student's t-test with a Bonferroni correction 
for multiple comparisons to test the equality 
of the group means. The criterion for statis- 
tical significance was set at p < 0.05. 


Results 


In all cases, the bronchial epithelium from 
airways instilled with saline contained no (or 
only a few) neutrophils, but did contain numer- 
ous secretory cells that were distended with 
copious amounts of AB/PAS-stained mucosub- 
stances (Fig. 1). In contrast, marked intra- 
epithelial infiltration of neutrophils was evi- 
dent in bronchial epithelium exposed to 500, 
250, or 125 ug of endotoxin from dogs that 
were injected IV with saline and killed 6 h af- 
ter the bronchial instillations. There was a 
concurrent decrease in stored mucosubstances 
within the secretory cells of endotoxin-exposed 
epithelium, compared to cells from the saline- 
control airways (Fig. 1). There were no sig- 
nificant differences in the number of intraepi- 
thelial neutrophils or amounts of mucosub- 
stances among the airways exposed to the high, 
medium, or low concentrations of endotoxin. 
Therefore, all data from these endotoxin-in- 
stilled airways were combined and presented as 
a single group. There was no evidence of epi- 
thelial cell necrosis or exfoliation in any of 
the endotoxin-exposed epithelia from dogs 
killed 6 h after instillation. In addition, 
there were no significant changes in either the 
numbers of total epithelial cells or of specif- 
ic cell types (e.g., mucous goblet cells) per 
mm of basal lamina. 
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FIG. 2.--Effects of endotoxin on number of neu- 
trophils (N) and amounts of mucosubstances (m) 
in bronchial epithelum 6 and 24h post-instilla- 
tion (PI). 


As we observed for airway tissues taken 6 h 
after endotoxin instillation, there were no 
concentration-dependent differences in intra- 
epithelial responses 24 h after endotoxin in- 
stillation. Therefore, ali data for these en- 
dotoxin-instilled airways were combined and 
presented as a single group. For saline in- 
jected dogs killed 24 h after endotoxin instil- 
lation, the number of neutrophils in the endo- 
toxin-exposed bronchial epithelium was greater 
than in control airways, but was markedly re- 
duced from the numbers observed in endotoxin- 
exposed airways from dogs killed 6 h after in- 
stillation. In contrast, the amount of intra- 
epithelial mucosubstances in the endotoxin-ex- 
posed airways 24 h after instillation was sig- 
nificantly greater than at 6 h after instilla- 
tion. There were no differences in the numbers 
of total epithelial or secretory cells observed 
per mm of basal lamina 24 h after instillation 
for endotoxin-exposed, compared to saline-ex- 
posed,airways, Figure 2 summarizes the changes 
in the number of intraepithelial neutrophils 
and the amounts of mucosubstances 6 and 24 h 
after endotoxin instillation. 

Hydroxyurea-treated dogs had less than 10% 
of the circulating blood neutrophils observed 
in the blood of saline-injected animals both 
prior to endotoxin instillation and 6 h after 
endotoxin instillation. In nonhydroxyurea- 
treated dogs, endotoxin induced a marked neu- 
trophilia 24 h after instillation. Endotoxin- 
instilled airways from dogs treated with hy- 
droxyurea had fewer than one fourth the number 
of intraepithelial neutrophils (3 + 1 neutro- 
phils/mm of basal lamina compared to 14 + 3 
neutrophils/mm of basal lamina) and three times 
the amount of intraepithelial mucosubstances 
(0.57 + 0.20 nl/mm? compared to 0.18 + 0.04 
ni/mm?) compared to the epithelia of endotoxin- 
instilled airways from dogs not reated with hy- 
droxyurea. The amounts of intraepithelial mu- 
cosubstances and neutrophils in saline-control 
airways of hydroxyurea-treated and nonhydroxy- 
urea-treated dogs were not significantly dif- 
ferent. In addition, there were no significant 
differences in the numbers of secretory cells, 


(Cells/mm) 


or any other epithelial cell types per mm of 
basal lamina between the endotoxin- or saline- 
instilled airways of either hydroxyurea-treat- 
ed or nonhydroxyurea-treated dogs. 


Diseusston 


The results of this study suggest that neu- 
trophils migrating intraepithelially, or sub- 
stances released from neutrophils during the 
course of epithelial migration, cause a tran- 
Sient depletion of mucosubstances stored in 
canine bronchial epithelium. The peak, endo- 
toxin-induced influx of neutrophils into the 
respiratory epithelium lining the bronchi was 
associated with a marked attenuation of the 
amount of histochemically identifiable muco- 
substance within this surface epithelium of 
the dog bronchial epithelium. The transient 
depletion of epithelially stored mucosubstance, 
associated with the inflammatory cell influx 
occurring 6 h after intrabronchial endotoxin 
instillation, suggest that during this post- 
exposure period the rate of mucous secretion 
exceeded the rate of synthesis. Because no 
epithelial cell necrosis or exfoliation, or 
changes in the numbers of secretory cells were 
evident during this post-instillation period, 
we conclude that the depletion of mucosubstance 
was not due to a loss of secretory cells, but 
was due to increased secretion of mucosub- 
stances from the cytoplasm of these airway lin- 
ing cells. The restoration of mucosubstances 
within the bronchial epithelium concurrent 
with the conspicuous absence of neutrophils 
also suggests that there is a functional rela- 
tionship between neutrophil influx and hyper- 
secretion of mucus from respiratory epithelium. 
The significant increase in stored mucosub- 
stance that we observed between 6 and 24 h af- 
ter instillation of endotoxin could have been 
due to decreased secretion and/or increased 
production of these glycoproteins by the bron- 
chial epithelium. Neutra and Leblond?* have 
demonstrated that the time between the incor- 
poration of glucose into colonic mucous goblet 
cells and its discharge in secreted mucus is 
approximately 4h. If the bronchial secretory 
cell behaves in a manner similar to that of 
the colonic mucous goblet cell, the 18 h between 
the 6 and 24h observation points should be ade- 
quate for restoring normal amounts of mucosub- 
stances without changing the 'normal" rate of 
mucous production. 

We were able to demonstrate the close rela- 
tionship between neutrophil influx and 
hypersecretion by using hydroxyurea to attenu- 
ate the number of neutrophils entering the en- 
dotoxin-exposed bronchial epithelium. The 
neutropenia induced by hydroxyurea treatment 
accounted for the marked reduction in intraepi- 
thelial influx of neutrophils into the endo- 
toxin-instilled airways. The simulataneous 
lack of mucosubstance diminution in the endo- 
toxin-exposed epithelium demonstrated that 
these granular leukocytes played a key role in 
the transient hypersecretion of mucus in the 
endotoxin-instilled bronchial airways. It also 
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demonstrated that endotoxin is not in itself a 
direct secretagogue for bronchial airway mucus. 
Mucous hypersecretion and neutrophil influx 
are characteristic features of bronchopneumo- 
Nias induced by gram-negative, endotoxin-laden 
bacteria. Our findings suggest that neutro- 
philic infiltration induced by endotoxin expo- 
sure provides a stimulus for increased secre- 
tion of mucus by the respiratory epithelium 
lining canine bronchi. The results of previ- 
ous in vitro studies suggest that neutrophils 
release secretagogues (i.e., proteases. oxygen 
free radicals, and arachidonic acid metabo- 
lites) that could mediate the hypersecretory 
response in vivo. Furthermore, the physical 
movement of migrating leukocytes within the 
epithelium cannot yet be discounted as a possi- 
ble stimulatory mechanism for mucous secretion. 
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METHODS TO STUDY INTERACTIONS BETWEEN INHALED SUBSTANCES AND 
EPITHELIUM OF THE RESPIRATORY TRACT IN VITRO 


Jianngwu Lee, N. J. Akley, T. M. 


Epithelium lining the tracheobronchial tree 
represents the first cells with which particu- 
lates, gases, microbes, etc., come into contact 
upon inhalation. Thus, interactions between 
such inhaled substances and epithelial cells 
probably are integral to the pathogenesis of 
several occupational or environmental-related 
pulmonary lesions, yet such interactions have 
not yet been elucidated fully. Many published 
studies have described patterns of deposition 
within extra- and intrapulmonary airways and 
alveolar ducts, and histologic and ultrastruc- 
tural changes in epithelium in vivo in response 
to inhalation and deposition.’ However, our 
knowledge of specific structural and functional 
responses of airway epithelium on a cellular 
level is limited, since exposures of animals 

in vivo or even tissues in situ do not allow 
for studying intracellular responses, especial- 
ly subtle sublytic alterations that could be 
the basis for subsequent pathogenic responses. 

For this reason, investigators have utilized 
cell culture systems to examine intracellular 
mechanisms related to responses of respiratory 
epithelium to deleterious substances which may 
be inhaled in an occupational or environmental 
setting. However, a recurring problem with 
most airway epithelial cell culture systems is 
the great disparity between the structure and 
function of cells in culture and in vivo. 

Thus, to elucidate ‘cellular mechanisms relat- 
ed to interactions with inhaled deleterious 
substances, it would be a great advantage to 
have available a cell culture system that mim- 
ics to the greatest extent possible the struc- 
ture and funciton of epithelium in situ, espe- 
cially one that maintains vital intercellular 
interactions which undoubtedly influence re- 
sponses. We have developed and described pre- 
viously a unique air/liquid interface culture 
system in which guinea pig tracheobronchial 
epithelial cells are isolated enzymatically and 
plated onto a collagen-coated filter. In our 
system, the collagen-coated filter is immersed 
into serum-free medium in such a way that the 
cells contact the medium from the basal side 
only; the apical surfaces of the cells are ex- 
posed only to a humidified 95% air/5% CO, en- 
vironment. When cultured in this manner, the 
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cells proliferate and differentiate so as to 
resemble greatly guinea pig pseudostratified 
columnar epithelium as observed in situ.? 


Experimental 


Analysts of Cell Cultures. We examined 
this cell culture system using ultrastructural 
morphometry of fixed and embedded cultures, 
and compared several morphometric parameters 
of the cultures with those of guinea pig air- 
ways removed directly from the animal and 
fixed immediately. In addition, several bio- 
chemical characteristics of high molecular 
weight glycoconjugates released by these cell 
cultures were analyzed to determine whether 
this material was mucin-like. The specific 
experimental procedures have been described 
previously. * 

Effects of Oxidant Stress on Atrway Eptthe- 
ital Cells. It is known that interactions of 
pulmonary cells with a variety of deleterious 
inhaled materials results in production in the 
lung and airways of oxygen-free radicals and 
other toxic oxygen metabolites.” We gener- 
ated oxygen metabolites by combining xanthine 
oxidase with purine in the cell cultures as 
described previously.* We examined effects of 
oxidant stress on epithelial cells in vitro 
on the following parameters. 


1. Muctn secretton. Cells were incubated 
with tritiated glucosamine for an 18h period, 
then placed in fresh medium for a 2h (baseline) 
time period followed by a lh (test) period 
during which the cells were exposed to chemi- 
cally generated oxygen metabolites or to con- 
trol medium not containing oxidants. At the 
end of each period (baseline and test) re- 
leased mucins were collected from the medium 
and apical surfaces of the cell cultures and 
subjected to digestion with hyaluronidase be- 
fore being separated on Sepharose CL-4B col- 
umns. Mucin secretion was measured as the 
radioactivity in the void volume fractions and 
expresssed as a ratio of test/baseline values. 
These procedures have been described in detail 
previously.” 

2. Metabolism of arachidonie acid. Cells 
were incubated with tritiated arachidonic acid 
for 2 h, then placed into fresh medium and ex- 
posed to oxidant stress or solvent control for 
another 2 h. Media were subjected to reverse- 
phase high-performance liquid chromatography 
(HPLC) as described previously” to measure both 
cyclooxygenase and lipoxygenase arachidonate 
metabolites formed in response to oxidant 
stress. 

3. Hydrolysts of membrane tnosttol phosphol- 
ltptds. Cells were incubated with tritiated 
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myo-inositol for 48 h, at which time they were 
placed in new medium containing 5 mM LiCl and 
exposed to oxidant stress for periods of time 
ranging from 5 s to 15 min. At each time point, 
the reaction was stopped by addition of ice- 
cold methanol and the cells were scraped off. 
After separation of the organic and soluble 
phases with chloroform, the water-soluble phase 
was eluted through Dowex anion exchange columns 
sequentially with deionized water (free inosi- 
tol), 5 mM sodium borate (glycerophosphoinosi- 
tol), 5 mM Na borate/0.1 M formic acid plus, 
0.2 M ammonium formate (IP), 0.4 M ammonium 
formate (IP,), and 1 M ammonium formate (IP;). 
Fractions were counted by liquid scintiallation. 

4. Productton of extracellular matrix (ECM) 
components. Cells were incubated with radio- 
labeled cysteine, then exposed to oxidant 
stress or controls for 2 h. After an addition- 
al 4 h, cell lysates and media were analyzed by 
immunoprecipitation for the ECM components fi- 
bronectin and laminin. 


Results 


Analysts of Cell Cultures. The cellular 
content of the cultures was very similar to 
that of intact epithelium, with the volume den- 
sities Vy of ciliated, secretory, and basal 
cells almost identical to those of the same 
cells within intact airway segments. In addi- 
tion, various characteristics of the high-mo- 
lecular-weight glycoconjugates (mucins) re- 
leased by intact airway segments and cell cul- 
tures, such as amino acid composition, proteo- 
glycan content, buoyant density, and alkaline 
borohydride elimination patterns, were almost 
identical. These combined ultrastructural mor- 
phometric and biochemical results further sup- 
port the validity of this air/liquid interface 
culture as a model system for studying cellu- 
lar mechanisms of response of airway epithelium 
to inhaled substances. 3 


Effects of Oxidant Stress on Atrway Eptthe- 
“ttal Cells. Ultrastructural examination of the 
cell cultures failed to reveal obvious signs of 
cell injury, yet the cell cultures, in response 
to sublytic oxidant stress and in a dose-depen- 
dent manner: 


(1) increased mucin secretion; 

(2) increased metabolism of arachidonic 
acid, producing elevated amounts of PGFj,g and 
hydroxyeicosatetrenoic acids (HETES); 

(3) activated phospholipase C, as reflected 
by a significant rise in total intracellular 
inositol polyphosphates; 

(4) produced altered ECM components: a fast- 
er migrating band in the dimeric region of fi- 
bronectin, suggesting production of a lower 
molecular weight molecule; and a molecular spe- 
cies in the B subunit of laminin that was not 
observed in control cells; 

(5) appeared to produce additonal intracel- 
lular oxygen radicals and lipid peroxides. In 
a related effect, low concentrations of the 
airborne pollutant gas ozone enhanced mucin se- 
cretion, an effect attenuated by the cyclooxy- 


genase inhibitor indomethacin. (Since addi- 
tional studies revealed similar dose-dependent 
increases in mucin secretion and cyclooxygen- 
ase metabolism after exposure of cell cultures 
to the organic hydroperoxide, t-bu-O0H, lipid 
peroxidation might be a key event in the re- 
sponse of airway epithelial cells to oxidant 
stress.) 


Conelustons 


This air/liquid interface airway cell cul- 
ture system allows for measurement of subtle 
alterations following interactions of airway 
epithelium with sublytic concentrations of 
particulate or gaseous materials that might be 
inhaied directly, or to inflammatory mediators 
(e.g., oxygen free radicals) known to be gen- 
erated after inhalation of a number of poten- 
tially harmful materials. In conjunction with 
data regarding deposition patterns and observ- 
able morphological effects on pulmonary cells, 
studies on subtle ultrastructural and biochem- 
ical alterations in epithelial cells in vitro 
may be invaluable in elucidating intracellular 
mechanisms governing toxic or subtoxic re- 
sponses to inhaled materials that may relate 
to subsequent pathological alterations. 
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Electron probe x-ray microanalysis (EPXMA) re- 
quires accurate and consistent preparation of 
samples to obtain meaningful quantitative data. 
For biological specimens it is critical that 
the morphological state and elemental content 
of individual subcellular compartments be pre- 
served. An excellent choice in obtaining pre- 
served samples without using chemical fixatives 
or cryo-protectants is the process of quick- 
freezing, cryosectioning, and freeze drying. 

To produce high-quality samples, it is neces- 
sary to understand the physical processes in- 
volved in the steps of preparation, particular- 
ly in the case of freeze drying which can be a 
source of severe ultrastructural change and 
elemental redistribution. Examination of these 
processes and related problems in dehydration 
of samples has led to the design for an ultra- 
clean freeze dryer aimed at reducing specimen 
alterations inherent to many freeze drying sys- 
tems.19* 

Methods of cryofixing tissue involve rapid 
removal of heat through contact with a cryogen 
or a cryogen-cooled surface. Simpler proce- 
dures involve manual immersion of specimens in 
liquid propane or ethane at 77 K. One very ef- 
fective technique consists of slamming the sam- 
ple onto a liquid helium-cooled copper block 
(4 K) by use of an electrically controlled 
mechanism which provides cooling rates approach- 
ing 10° K/s.*** Another method is high pres- 
sure freezing, where the tissue is exposed to 
pressures of the order of 2.1 kbar as it is 
cooled. Although complex, this method increas- 
es freezing depth at lower cooling rates.’ 
However, theoretically, when a high enough rate 
of cooling is obtained, the water in the sample 
will be solidified to a noncrystalline vitreous 
state. Commonly the water is frozen to a micro- 
crystalline cubic form which can be mistaken as 
vitrified if x-ray diffraction of limited reso- 
lution is used to determine crystallinity.” 
Regardless of the actual form the water has 
taken upon fixing the sample, faster cooling 
rates produce better preservation.*?° 

A well-fixed sample may have a 1-10um region 
of vitreous or microcrystalline tissue with an- 
other 40-50 um of adequately frozen material.°?® 
Cryosectioning of these regions is performed at 
temperatures below 125 K, in addition to perfor- 
mance of transfers under liquid nitrogen (LN,), 
to avoid alterations caused by phase changes. 
Once sectioned, the 0.lum-thick samples are 
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14 
Specimen Preparation Methods 


DESIGN OF AN ULTRACLEAN COMPUTER-CONTROLLED FREEZE DRYER FOR BIOLOGICAL SPECIMENS 


eter Ingram, and D. A. Kopf 


freeze dried. Freeze-dried tissue can be ana- 
lyzed to determine mmol/kg dry weight concen- 
trations of elements in subcellular compart- 
ments. Dehydrated tissue is also easily 
stored in a desiccator for an extended time.’ 

In the dehydration of samples, several fac- 
tors must be considered for the design of an 
effective sample preparation system. First, 
sample temperature must be precisely con- 
trolled over the warming cycle of the dehydra- 
tion. The water, if vitreous, will devitrify 
and recrystallize in the 130 K to 140 K range; 
if microcrystalline, the water will have vol- 
ume-changing state changes and increased crys- 
tal growth as it is warmed.® Lowering the 
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FIG. 1.--Ultraclean vacuum system for freeze 
dryer. 
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rate of these changes is paramount to decreas- 
ing the damage to the tissue; however, the ac- 
tual temperatures of these transitions in bio- 
logical specimens of variable water and protein 


content are found only through experimentation.° 


A second consideration is minimization of 
the exposure of the dehydrated sample to (hu- 
mid) room air during transfer to the micro- 
scope. Freeze drying in the microscope itself 
would circumvent this problem, but would usu- 
ally not permit evaporation of a conductive 
layer of carbon on the sample. In addition, 
microscope use would be expended primarily for 
freeze drying, rather than for EPXMA data ac- 
quisition; with time and repeated drying pro- 
cedures, sublimed water could become a signifi- 
cant component of column partial pressure. 

Third, contaminants arising within the 
freeze dryer, backstreamed from the vacuum 
pump or leaked into the system, must be kept 
from the sample. The initially cold sample 
will attract molecules from these sources be- 
fore they are pumped. Molecules condensed on 
the sample can thus lead to compromised EPXMA 
data. 

The foundation of our system that deals with 
the above problems is the high-vacuum turbo- 
molecular pump (Fig. 1). Its hydrocarbon-free 
nature makes it an excellent choice in provid- 
ing clean vacuum to 10-° Torr.* The forepump 
is trapped by a heatable molecular sieve with 
synthetic zeolite for prevention of hydrocarbon 
backstreaming. Stainless-steel components and 
a minimum of Viton seals allow heating the sys-~- 
tem to 1473 K. A pyrex belljar provides opti- 
mal viewing during all stages of operation. 
Conflat flanges on the feedthrough collar allow 
for easy connections and compatibility with re- 
sidual gas analyzers, temperature sensors, and 
other laboratory instruments. A connection to 
an extra dry nitrogen gas tank provides posi- 
tive pressure when the system is open to atmos- 
phere, thereby reducing flow of contaminating 
room air into the system. Samples are entered 
into the system through a 3.8cm feedthrough so 
that the belljar need not be removed, which 
also reduces sample exposure to room air. For 
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faster operation, the seal for this connection 
requires the tightening of only a single bolt. 
An ultrahigh-vacuum ion gauge is mounted in 

the chamber and a thermocouple gauge is mount- 
ed at the forepump to measure foreline vacuum. 
Isolation of the chamber from the pumping sys- 
tem is accomplished with the blanking valve. 

The system requires temperature control on 
the order of +0.1 K over the range of 77 to 
305 K. A two-stage design (Fig. 2) has been 
chosen in order to minimize LN, consumption 
and meet the accuracy requirement. The alumi- 
num cold stage (10cm dia., 4cm ht.) is cooled 
by an insulated supply line (lcm dia.) from an 
external dewar. This dewar is kept filled by 
an LN, level controller attached to a large 
pressurized dewar. A phase separator at the 
end of the controller line lowers LN, usage by 
reducing splashing as the small dewar is re- 
filled. The supply line is surrounded by a 
vacuum sleeve to prevent heat absorption and 
extensive frost build-up. 

At equilibrium the cold stage surface tem- 
perature is just above 77 K. A stainless-steel 
(SS) cylinder (2cm dia., 3cm ht.} extends above 
the aluminum cold stage. The SS bar connects 
to the copper specimen stage (3.5cm dia., lcm 
ht.}. Aluminum is chosen for its high thermal 
conductivity (%150 W/m*K) and low heat capaci- 
ty, which allow it to cool rapidly at the be- 
ginning of the drying cycle. The SS bar has a 
lower thermal conductivity (12 W/m*K) than 
deoxidized copper (%190 W/m*K), which gives 
the specimen stage a faster response to warm- 
ing, while keeping the specimen thermally 
linked to the cold stage. The specimen stage 
is heated by a nichrome wire coiled around the 
stage. Temperature is monitored by a silicon 
diode sensor embedded on the top surface of 
the stage for the most accurate measurement of 
the sample. The relatively small mass of the 
specimen stage is easily controlled with less 
power than would be needed for the larger alum- 
inum cold stage connected directly to the LN, 
supply. The sensor and heater leads are fed 
through a teflon tube to the electrical feed- 
through. 
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FIG. 3.--Temperature profile for freeze drying 
specimen. 


To obtain the worst-case Situation of radia- 
tive absorption between the cold stage and bell- 
jar, the cooling system is modeled as one large 
block of aluminum at 77 K. With the belljar at 
room temperature (0.9 emissivity) an influx of 
0.20 W is calculated from the Stefan-Boltzmann 
law, which translates to .5 ml/h LN, consump- 
tion.° This low value precludes the construc- 
tion of a copper radiation shield around the 
cold stage components. 

A laboratory software package (LabView, Na- 
tional Instruments) on a microcomputer (Macin- 
tosh II, Apple Computer) with a controller card 
(NBI)-16, National Instruments), allows full 
programmability of the warming cycle. Figure 3 
shows a typical warming cycle for a specimen. 
Warming to 125 K from 77 K at several deg/h is 
safely performed as water is not sublimed at 
these low temperatures. The rate of warming is 
lowered to 1 K/h as the glass transition tem- 
perature of pure water (140 K), where signifi- 
cant crystal growth begins, is approached. In 
this example the 1K/h rate is continued for 
several hours until most of the water has been 
removed from the sample.**°*?° At the end of 
the cycle the sample is maintained at several 
degrees above room temperature until it is re- 
moved from the instrument. 

For protection against contamination, a va- 
por condenser has been designed which is placed 
above the sample during dehydration. This 
aluminum bar is mounted to the cold stage by a 
swivel and rises up and over the specimen 
Stage. Water vapor from the sample (as well as 
any other molecules near the sample) is col- 
lected here and slowly pumped away. The head 
of the condenser is vertically adjustable in 
order to determine the best height above the 
sample. Aithough placement 14 mm above the 
specimen has been reported,?°® individual system 
variances require experimental determination of 
optimum positioning. Close placement to the 
tissue will better protect the sample; however, 
the cool head may absorb by radiation all the 
heat produced in the stage and never allow the 
specimen to warm properly.*? 

The sample is contained in a small copper 
box with a lid at LN, temperature when placed 
in the chamber. By use of the manipulator, the 
condenser is rotated over the sample which 


pushes the lid off the box and exposes the 
condenser. At the end of the drying cycle the 
condenser is rotated away from the sample by 
using the manipulator. Without a break in 
chamber vacuum, the sample is then evapora- 
tively coated with a layer of carbon for the 
dual purpose of protection from rehydration 
during transfer to the microscope and preven- 
tion of charging in the microscope.°?1°*?? 
The carbon coater consists of an aluminum 
stand for mounting an ultrapure carbon rod and 
a connection to a high power copper feed- 
through. The feedthrough connects to a manu- 
ally controlled 3kW power source.?? 

The components of this system have been de- 
signed to work together according to the pro- 
tocol below: 


(a) cold stage is precooled under vacuum 

(b) chamber is isolated and backfilled with 
nitrogen gas 

(c) sample is entered into chamber and 
placed on specimen stage 

(d) chamber is opened to vacuum and condens- 
er is rotated over specimen 

(e) warming cycle is initiated 

(f) condenser is rotated away from dried 
sample 

(g) specimen is evaporatively carbon coated 

(h) with sample above room temperature, 
chamber is backfilled with nitrogen gas 

(i) sample is removed to microscope under a 
N, atmosphere or stored in a dessicator 


In summary, this system: 


(1) automatically warms the sample through 
a programmable curve that minimizes elemental 
shifts due to devitrification and crystal 
growth; 

(2) reduces sample contamination by using a 
clean turbopumped system and providing a vapor 
condenser that prevents molecules from absorb- 
ing onto the sample; 

(3) minimizes contamination and rehydration 
during transfers between instruments by carbon 
coating. 


Using these features in conjunction with a 
residual gas analyzer, one can perform exten- 
Sive studies of the effects of freeze drying 
for various time/temperature profiles on an ar- 
ray of biological specimens. The data will 
provide information on ultrastructural changes 
and, more important, any elemental redistribu- 
tion as determined by EPXMA. 
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PREPARATION OF BARLEY EPIDERMIS FOR X-RAY MICROANALYSIS 


G. G. Ahlstrand, R. J. Zeyen, and T. L. W. Carver 


Numerous plant pathological investigators have 
determined and compared elemental differences 
between healthy and diseased plant tissues us- 
ing bulk specimens, scanning electron micros- 
copy (SEM), and energy-dispersive x-ray micro- 
analysis (EDX). In these studies effects of 
specimen preparation procedures are largely ig- 
nored.+** This study compares bulk specimen 
preparation procedures to determine their ad- 
vantages and disadvantages for EDX of intact 
epidermal cells of barley, Hordeum vulgare L. 
Our objective was to establish a baseline for 
the distribution of elements in normal epider- 
mal cells for use in later pathological inves- 
tigations. 


Rapertimental 


Three tissue preparation procedures were 
compared: (1) frozen-hydrated (FH) tissues were 
used to maintain soluble and insoluble elements 
as they exist in situ; (2) freeze-dried (FD) 
tissues that maintain soluble and insoluble 
elements, but perhaps not in their precise in 
situ locations,* were used to allow deeper 
electron beam penetration than did FH materi- 
als;*?° and (3) critical-point dried (CD) mater- 
ials were used to determine which elements were 
soluble or insoluble in two chemical fixatives; 
formalin/acetic acid/ethanol (FAA) and unbuf- 
fered glutaraldehyde (GLUT). For CD, ethanol 
was the dehydrating agent and CO, the critical 
point drying fluid. 

We prepared specimen mounts by coating alum- 
inum SEM stubs with colloidal graphite, leaving 
a small Al margin for electron beam calibra- 
tions; and FH specimens by attaching 0.Scm? 
pieces of living leaf to stubs using additional 
colloidal graphite to anchor tissue edges. 
Mounted specimens were immediately transferred 
to a vacuum evaporator (1 x 10-* Torr) for nick- 
el coating. Immediately after nickel evapora- 
tion (ca.5 min) stubs were clamped on a pre- 
cooled (-150 C) SEM cold stage where leaf sur- 
faces reached -150 C within 2 min. The SEM 
chamber was purged with a small amount of dried 
N, gas to sublimate surface frost; during this 
process specimen surface temperatures never ex- 
ceeded -120 C. 

We prepared FD specimens by mounting living 
leaf squares on stubs as above, transferring 
the stubs to a brass block (mass 675 g) 
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cooled to liquid N, temperature (-196 C). The 
brass block and stubs were placed on an insu- 
lated platform in a continual 5 x 10°? Torr 
vacuum for 16 h and allowed to warm to 25 C. 

For CD specimens, Icm whole leaf segments 
were fixed in sodium phosphate buffered FAA 
for 2-6 weeks or 2.5% unbuffered glutaraldehyde 
for 24 h. Fixed leaf segments (ca 0.5 cm?) 
were dehydrated in ethanol, CO, critical-~point 
dried, and mounted on graphite coated stubs. 
FD and CD specimens were made electrically 
conductive by nickel evaporative coating. 

A Philips 500X SEM operated at 12 kV and 
fitted with an EDAX International System 711F 
energy-dispersive x-ray microanalysis unit was 
used. The x-ray take-off angle was 31°; work- 
ing distance from specimen to objective lens 
was 21 mm. For standardization, Al Ka x rays 
were collected from the stub margin and beam- 
current adjusted with the spot size control to 
a count rate of 3000/s. To excite and accumu- 
late x rays from epidermal cells, a 2.5um ras- 
ter (obtained at 15 000 magnification) was 
centered on the cell surface for 100 s (Fig. 
1). Approximately 100-140 cells were analyzed 
for each specimen preparation method, except 
for GLUT fixed materials, where only 20 cells 
were used. K-shell x rays of Na, Mg, Si, P, S, 
C1, K, Ca (Ca corrected for Kf8 overlap), and 
Mn were collected with a Si({Li) detector with 
a 7.5um Be window. Net elemental intensities 
(total counts/100 s) were determined by auto- 
matic background subtraction for bulk speci- 
mens (EDAX Corp. FDEM Software, BULK program). 

Minimum detectable limits (MDL) were de- 
fined as net peak intensity divided by local 
background equal to 0.05 (P/B = 0.05). In 
practice, any net intensity less than 150 
counts/100 s was assigned zero value. Ali net 
intensities for each element were combined to 
obtain mean and mean deviation values. In 
this study it was deemed unnecessary to factor 
the detector efficiency correction into each 
elemental intensity. Consequently, direct in- 
ter-element comparisons of relative amounts 
should not be made; however, comparisons of 
relative amounts of specific elements present 
can be made. 


Results 


FH samples showed no collapse or distortion 
of thin-walled, turgid epidermal cells (Fig. 
1). Evidently barley leaf tissue is unaffected 
by the 1 x 10-* Torr vacuum used for ca 5 min 
during evaporative nickel coating and subse- 
quent cold stage freezing. This relatively 
slow freezing process gave better results than 
a quick quench in liquid nitrogen, which re- 
sulted in blistering distortions of epidermal 
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FIG. 1.--SEM micrograph of frozen-hydrated barley leaf epidermal surface cells. 


White square 


(arrow) indicates size and placement of typical electron beam raster used to excite x-ray emis- 


sion. S = stomata or gas exchange areas that are 
cell surfaces (not shown). FD and CD samples 
showed some distortion and partial collapse of 
epidermal cells, as expected (not shown). 

Averaged net elemental intensities for each 
preparation are plotted against a log scale of 
counts for comparison (Fig. 2). FD prepared 
specimens yielded the highest measured intensi- 
ties for all elements of interest, except for 
Na and Mg, which are highest for CD-FAA and CD- 
GLUT samples, respectively. FH prepared speci- 
mens yielded second highest intensities for Si, 
Cl, K, and Ca, but gave zero measurements for 
Na, Mg, P, and S. CD-FAA specimens yielded the 
lowest intensity for Ca and zero for Mg, Si, Cl, 
and K. Compared with CD-FAA specimens, CD-GLUT 
specimens yielded significantly higher levels 
of Mg, P, Cl, K and Ca; no Na; and nearly the 
same level of S. Mn was undetected in barley 
epidermal cells. 

CD specimens fixed in liquid fixatives and 
dehydrated in ethanol indicate which elements 
exist as soluble forms in epidermal cells. Mg, 
Si, Cl, K, and Ca are obviously soluble, being 
abundant in FH and FD preparations, but are 
zero or at low levels in CD-FAA preparations. 
Phosphorous appears partially soluble in CD-FAA 
preparations when compared with P intensities 
from FD preparations, which are five times high- 
er (Fig. 2). As liquid-fixed preparations, CD- 
GLUT specimens retained more Mg, P, Cl, K, and 
Ca than did CD-FAA specimens, a difference that 
is possibly due to the following: (1) CD-FAA 
samples were stored in FAA for 2-6 weeks, where- 
as CD-GLUT samples were stored in GLUT for only 
24 h before ethanol dehydration and critical 
point drying. Thus, more time existed for sol- 
uble elements to leach from CD-FAA samples. 

(2} Glutaraldehyde used in the CD-GLUT procedure 
cross links and stabilizes proteins, whereas 

the formaldehyde component of FAA is less ef- 
fective at forming cross linkages. Cross link- 
age of proteins may result in retention of ele- 
ments enclosed or closely associated with pro- 


now closed. 


teins in epidermal cells. (3) The FAA fixa- 
tive components of acetic acid and ethanol may 
form a more efficient solvent for removal of 
soluble elements than does the weakly bipolar, 
aqueous medium of the GLUT fixative. 

In contrast to elemental loss when liquid 
fixatives are used, the sodium phosphate buf- 
fered FAA might be expected to elevate levels 
of Na and P above those in aqueous nonbuffered 
CD-GLUT samples by contaminating cells, but our 
results are ambiguous. Na is found in FAA- 
fixed samples and in no other preparation, but 
P is much lower in CD-FAA than in CD-GLUT 
treated specimens. In fact Mg, P, and S levels 
in CD-GLUT specimens compare favorably with FD 
samples, which shows that 24 h in unbuffered 
aqueous glutaraldehyde fixative removes insig- 
nificant amounts of these elements from epider- 
mal cells (Fig. 2). 

In FH specimens, Na, Mg, P, and S levels 
are zero compared to FD or CD specimens; and 
Cl, K, and Ca levels, although substantial, are 
significantly lower than for FD specimens 
(Fig. 2). This phenomenon is easily explained 
if penetration of the 12kV electron beam into 
FH specimens is limited by ice, and only pene- 
trates into the highly hydrated ceil wall re- 
gion (noncytoplasmic region) which surrounds 
and protects the cytoplasm. The best evidence 
for restricted beam penetration occurs with the 
elements P and S, which are absent in FH spec- 
tra. Both P and S are essential cytoplasmic 
constituents of cells; S is associated with 
protein structure, P with nucleic acids and 
metabolic activity. Their absence from FH 
spectra indicates that beam penetration in FH 
specimens does not reach the cytoplasmic con- 
tents of epidermal cells. The combined thick- 
ness of epidermal cell wall, cuticle, and wax 
layer in cross sections of FH barley cells was 
found to be 2.5-3.0 um. This thickness range 
fits the expected beam penetration for FH ma- 
terials based on the equation of Anderson and 
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FIG. 2.--Elemental levels detected in barley 
epidermal celis from frozen hydrated (FH), 
freeze dried (FD) and critical point dried (CD) 
preparations. Number of cells measured for 
each preparation procedure is indicated in pa- 
rentheses. Asterisks indicate elemental levels 
below 150 counts/100 s. 

Hasler.°°® If we assume a density of 1.20 gm/ 
cm> for FH plant materials°® and apply the equa- 
tion for maximum depth of x-ray generation, a 
12kV electron beam should excite K-shell x rays 
from Na to Ca at maximum depths between 3.4 and 
2.9 um, respectively. For P and S the maximum 
depth of excitation in FH materials would be 
3.2 pm; thus, the 12kV beam would be sufficient 
to excite P and S found at greater depths in 
the FH specimen cytoplasm. 

The removal of water and ice in CD and FD 
preparations, respectively, decreases the aver- 
age density in dehydrated cells and increases the 
depth of electron beam penetration. For a den- 
sity of 0.5 gm/cm* for FD and CD plant materi- 
als,°?°® the range of maximum depths for K-shell 
x-ray generation for the elements Na to Ca in- 
creases to 8.2 to 7.0 um, respectively, and has 
a value of 7.8 um for S and P. At these depths 
of penetration, a 12kV beam should excite high 
levels of S and P in CD and FD preparations, 
which is indeed the case (Fig. 2). It follows 
that S and P, and also Mg, are associated with 
these deeper cytoplasmic regions (FD and CD- 
GLUT data) but not cell wall regions (FH data). 
Similarly Si, Cl, K, and Ca are present in epi- 
dermal cell wall (FH data) and in cytoplasmic 
regions of cells (FD data). Another conse- 
quence of water or ice removal from epidermal 


cells is to increase the mass fraction of each 
element remaining in the dehydrated mass, as- 
suming no loss of mass other than water. If 
the mass fraction of elements in FD cells in- 
creases, higher levels of characteristic 

x rays would be expected in FD than in FH spe- 
cimens; this effect is evident in the levels 
of Cl, K,and Ca (FH and FD data, Fig. 2). 


Conelustons 


The limitations in applying EDX to botanical 
materials are not intrinsic to EDX technology 
but rather center on specimen preparation pro- 
cedures.??7*° EDX remains the best technology 
for detecting elements of interest in situ. 
However, methods of specimen preparation must 
be evaluated if EDX is to reach its promise in 
biological work.? We sought to compare speci- 
men preparation procedures on well-defined 
plant materials with procedures that are rela-~ 
tively easy to use and require a minimum of 
specialized equipment. 

The only advantage of using CD materials is 
that the procedure results in a reasonable 
preservation of morphological features. CD 
samples prepared with liquid chemical fixa- 
tives and dehydrated with ethanol demonstrated 
significant loss of soluble elements. CD prep- 
arations are only suitable when elements of 
interest are known to be bound and insolu- 
ble.1*7*”’ If there is no alternative to 1li- 
quid fixation of botanical specimens for EDX, 
then our limited data indicate that glutaralde- 
hyde used in an aqueous medium for the short- 
est time compatible with fixation of structure 
appears to be the fixative of choice. 

FH specimens, prepared with our relatively 
slow freezing method, show excellent preser- 
vation of surface morphology (Fig. 1) and re- 
tain soluble elements within tissues. However, 
for EDX, beam penetration is limited to the 
cell wall region when compared to FD and CD 
preparations. Therefore EDX of FH materials 
is most appropriate for studies of chemical 
changes on plant cell surfaces or changes oc- 
curring in the cell wall of epidermal cells; 
e.g., pathological processes, pesticide or 
herbicide applications, and pollution deposi- 
tion.+>*+’ For whole-cell or unfractured-tis- 
sue preservation, the use of FH plant materi- 
als is limited primarily by beam penetration 
considerations. 

Because of deeper beam penetration and con- 
servation of soluble elements, FD plant mater- 
ials probably represent the best compromise 
for EDX of bulk samples. FD samples can be 
used at ambient temperatures and do not re- 
quire specialized freezing SEM stages.*?7°8 
However, spectral interpretation can be prob- 
lematic owing to greater depth of beam penetra- 
tion and a larger x-ray generation volume, and 
the possibility of exciting x rays from sub- 
tending structures not visible from the sur- 
face. In addition, FD may cause specimen dis- 
tortion and collapse. 
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